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Abstract  
 
Behaviour in ecotoxicology is expanding as it provides a link between the biochemical and 
physiological effects of environmental contaminants. This has been facilitated by 
advancements in computational automaton and the increased prevalence of behavioural 
modulating compounds in the environment. Despite increased interest, the inclusion of 
behavioural endpoints in environmental risk assessment is hindered by a lack of 
standardisation of behavioural assays, a paucity of information on the baseline behaviours of 
non-target organisms, and the speed of data collection. 
 
The main aims of this project were to develop standardised behavioural assays for 
ecotoxicology and to assess the effects of psychotropic compounds on the behaviours of 
model crustaceans. Assays were developed for behaviours associated with stress or anxiety, 
translating methods from pharmacology studies on vertebrates. This was followed by exposure 
to environmentally relevant concentrations of psychotropic compounds to a range of species, 
varying in size to allow for the high-throughput assessment of behavioural impacts.  
 
Amphipods are crustaceans that are ubiquitous to all aquatic systems and play key ecological 
roles across multiple levels of organisation. A local marine and freshwater species 
(Echinogammarus marinus and Gammarus pulex respectively) were used for the development 
of behavioural assays. To date, the antidepressant fluoxetine and the anxiolytic oxazepam are 
the most studied psychotropic compounds in the literature and so were selected as reference 
drugs for assay validation. Following assay development, methods were translated to the brine 
shrimp Artemia franciscana to allow for the simultaneous, high-throughput screening of 
multiple behavioural modifying compounds on swimming behaviours.    
 
Results suggest that multiple factors can impact the results of behavioural assays including the 
shape and size of arenas, and intensity of stimuli. Differences were also observed in the 
baseline unconditioned behaviours of closely related species. These results highlight the 
importance of carefully designed, highly standardised assays, as well as an understanding of 
iii 
 
the baseline behaviours of test species, for reliable and repeatable results. Exposure to 
psychotropic compounds had significant impacts on crustacean behaviours, however, results 
were not consistent both between and within experiments. The inconsistencies in organism 
response to psychotropic compounds is thought to be the result of multiple factors including 
subtle differences in experimental design, inter- and intra- species variation in baseline 
behaviours, and the use of environmentally relevant concentrations which are close to doses 
previously reported to have no effects on wildlife in standard toxicity tests.  
 
All of these factors can create ‘noise’ between data sets, and highlights some of the current 
issues which must be addressed for the continued development of behaviour as an assay for 
regulatory toxicity testing. Behaviours represent a useful endpoint in ecotoxicology and an 
important addition to adverse outcomes pathway for the assessment of environmental risk. 
This thesis goes some way to addressing the current limitations of behavioural assays and 
provides guidance for future work. Multiple behaviours can be measured successfully in 
crustaceans, with some endpoints proving to be more suitable than others. Psychotropic 
compounds may represent a risk to aquatic invertebrates but the nature and extent of which 
is not yet clear.     
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1.1. Ecotoxicology 
The term ecotoxicology was introduced by Truhaut in 1969 and was derived from toxicology 
put into the context of ecology (Truhaut, 1975, 1977). It is defined as ‘the study of fate and 
effects of compounds on an ecosystem’ and includes impacts at the individual and 
population levels and above. Environmental pollutants are compounds that exist above the 
level that would naturally occur in the environment (Walker et al., 2012). This means that 
for manufactured chemicals, any detectable level in an ecological system is considered a 
pollutant (Walker et al., 2012). The outcome of ecotoxicological testing provides the 
foundations for environmental risk assessment (ERA) to determine safe environmental 
levels of compounds (Kendall et al., 2001), which is then used by governing bodies to set 
environmental quality standards.  
 
Aquatic systems are of particular concern as this is where most pollutants are 
eventually deposited , either directly or indirectly, and tend to persist longer under aquatic 
conditions compared to terrestrial (Kendall et al., 2001). Furthermore, aquatic organisms 
often cannot avoid contaminated areas and so are likely to be exposed for their entire 
lifecycle. For this reason, concentrations rather than doses are used when performing most 
ecotoxicology testing. Historically, endpoints looking at lethality have been used to set 
environmental quality standards, whereby ‘toxic’ concentrations are determined by that 
which is required to kill a pre-determined percentage of sample organisms. For example, 
the lethal concentration required to kill 50% of a population is reported as an LC50. In some 
studies, more conservative measures are used by simply reducing the threshold of the 
number of organisms killed, such as concentrations required to kill 20% of a population 
(LC20). However, studies have shown that these methods can grossly underestimate the 
effects of environmental pollutants (Hellou, 2011; Melvin & Wilson, 2013). As a result, non-
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lethal studies looking at effect concentrations (EC50s), lowest effect concentrations 
(LOECs) and no effect concentrations (NOECs) on endpoints associated with growth, 
development and reproduction are also used when assessing risk, but these assays tend to 
be slower than lethality (Melvin & Wilson, 2013). 
 
1.2. Behavioural ecotoxicology  
Behavioural ecotoxicology is a multi-disciplinary field of study dating back to the 1960s and 
is a combination of Ecology, Ethology and Toxicology (figure 1.1). A study by Warner et al. 
(1966) appears to be one of the first in the literature to recognise behaviour as an 
important endpoint in ecotoxicology. Behaviours provide a link between the biochemical 
and ecological effects of environmental contamination in an organism, with clear 
connections to effects at population and community levels (Scott & Sloman, 2004; Sloman 
& Mcneil, 2012; Weis et al., 2001)  
 
 
Figure 1.1: Depiction of behavioural ecotoxicology as a multidisciplinary field of study. 
Adapted from Dell’Omo, 2002.  
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Since the study by Warner et al. in 1966, behavioural endpoints have been gaining 
recognition in ecotoxicology as they are comparatively more sensitive than lethality, in 
some cases by 10-1,000 fold (Hellou, 2011). Behavioural experiments also have a shorter 
average duration than those assessing growth, development or reproduction (Melvin & 
Wilson, 2013), thus providing an early-warning indicator of toxic effects (Gerhardt et al., 
1998). There are multiple behavioural endpoints that can be used in ecotoxicology which 
range from the obvious to the more subtle, and include those associated with habitat 
selection, reproduction, feeding, predator avoidance, learning, orientation, social 
interaction and locomotion (Clotfelter et al., 2004; Little et al., 1985; Zala & Penn, 2004). 
Early work in behavioural ecotoxicology has demonstrated that environmental pollutants 
can have significant impacts on a range of behaviours in organisms such as reduced 
predator avoidance (Bildstein & Forsyth, 1979; Preston et al., 1998), inability to capture 
prey (Smith & Weis, 1997), inefficient migration/homing (Snyder, 1974), and altered 
breeding behaviours (Jones & Reynolds, 1997). Any alteration in an organism’s natural 
behaviour can have both direct and indirect impacts not only at the individual level but also 
at the population level and above. For example, altered reproductive behaviours following 
exposure to pollutants have been shown to alter mate selection and impact reproductive 
output (Aulsebrook et al. 2020 in press; Bertram et al. 2019; Candolin & Wong 2019; 
Furdson et al. 2019). Whilst avoidance behaviours have the potential to cause shifts in 
entire community structure (Beketov & Leiss, 2008; Lenihan et al. 1995; Lopes et al. 2004).  
 
1.3. Pharmaceuticals in the environment  
Pharmaceuticals have been gaining interest in ecotoxicology as emerging contaminants of 
concern as they have been detected in aquatic environments globally and are designed to 
have effects at low concentrations (Aus Der Beek et al., 2016; Brausch et al., 2012; Fent et 
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al., 2006). Pharmaceuticals are used for both human and veterinary medicine, as well as 
horticulture and aquaculture, with annual global consumption estimated at 100,000 tonnes 
(Gaw et al., 2014; Zenker et al., 2014). Over 3000 different substances used in medicines 
can be found in aquatic environments (Fent et al., 2006; Richardson & Ternes, 2018; Ternes 
et al., 2004), and environmental levels are projected to rise as a result of increased 
accessibility and a shift towards an ageing population. Wastewater discharges have been 
highlighted as the dominant emission pathway into aquatic systems (Aus Der Beek et al., 
2016). Pharmaceutical compounds are designed to be biologically stable and so are often 
discharged as up to 80% biochemically active compound in human waste products (Calisto 
& Esteves, 2009) which then enter wastewater treatment plants (WWTPs). Other inputs 
include the improper disposal of unwanted medications, and excretion via sweat or wash 
off of topical treatments into drains (Daughton & Ruhoy, 2009). Current wastewater 
treatments can be ineffective for pharmaceuticals, with removal rates ranging between 
<10-100% depending on the compound, and has resulted in continued outflows into 
aquatic systems ( Gaw et al., 2014; Verlicchi et al., 2012). Furthermore, compounds which 
are removed from effluent can still be found in bio-solids at high concentrations (Calisto & 
Esteves, 2009), so can contribute to environmental input via agriculture. The outflow from 
WWTPs typically enter freshwater environments and can persist many kilometres 
downstream of their source, with potential to reach marine environments. In a study by 
Roberts & Thomas (2006), the efficiency of WWTPs and the persistence of pharmaceutical 
compounds in the environment was assessed. Thirteen different compounds were selected 
from the priority lists of the UK Environment Agency (EA), all compounds were present in 
both raw effluent and surface waters, with concentrations ranging from 11-69,570ng/L and 
4-2370ng/L respectively. Whilst some of the compounds were effectively reduced in 
WWTPs, others were persistent enough to occur in estuarine systems.  
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Pharmaceuticals are of particular concern in ecotoxicology as these compounds are 
designed to interact with a target (e.g. specific receptor, enzyme, or biological process) in 
humans and animals to deliver therapeutic effects. Many of these targets are shared 
among a wide variety of species, meaning that some pharmaceuticals may be able to elicit 
effects in those organisms (Boxall et al., 2012; Brown et al., 2014). It has been observed 
that many organisms share orthologs, which are genes originating from a common 
ancestor, for drug targets found in humans. In a study by Gunnarsson et al. (2008), 
orthologs for 1318 human drug targets were measured in a range of species. Closely related 
species such as the zebrafish had 86% human orthologs conserved, whilst 61% and 35% 
were conserved in the more distantly related water flea Daphnia, and a green algae 
respectively. The study highlighted that many individual drug targets are well conserved 
across taxa, and that evolutionarily distant organisms could still be impacted by certain 
compounds.  
 
With the exception of a few key compounds such those involved in endocrine 
disruption, the risk of many pharmaceuticals in the environment are currently considered 
negligible by governing bodies. Concentrations in the environment are relatively low, and 
environmental persistence is short in comparison to traditional pollutants such as heavy 
metals. Traditional toxicity testing also indicates that pharmaceuticals have low toxicity. 
However, some pharmaceutical compounds can still have ecotoxicological impacts on non-
target organisms and pose environmental risks even at low concentrations (Shaliutina-
Kolešová et al., 2019), in particular those which act on targets that are highly conserved 
across taxa. Therefore, it is thought that the true impacts of pharmaceuticals on ecological 
systems is currently underestimated (Brodin et al., 2014; Gutierrez et al., 2012; Richmond 
et al., 2016)   
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1.4. Psychotropic compounds 
An increased prevalence of psychiatric disorders (Silva et al., 2012), has resulted in an 
increase in global consumption of neuro-modulating compounds in the past decade, as 
reported by the Organisation for Economic Co-operation and Development (OECD) (OECD 
2017; figure 1.2). Psychotropic drugs including anxiolytics, sedatives, hypnotics and 
antidepressants are among the most prescribed active substances throughout the world 
(Calisto & Esteves, 2009). In North America, 12 of the 100 most prescribed active 
substances were psychoactive pharmaceuticals (Calisto & Esteves, 2009), and in England, 
the number of antidepressants dispensed increased by 431.39% between 1998-2016 
(Health and Social Care Information Centre, 2017; Spence et al., 2014). 
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Figure 1.2: Antidepressant drug consumption between 2000 and 2015 (or nearest year). 
Sourced from OECD Health Statistics 2017. Consumption is defined as daily dosage per 
1000 people per day. Blank spaces represent countries with no data available for the 
selected year. 
 
Assessments on psychoactive compounds in raw and treated wastewater, surface, 
ground, and drinking water, suggest that these compounds are ubiquitously present in the 
environment (Calisto & Esteves, 2009; Hummel et al., 2006; Silva et al., 2012) and have the 
ability to bio-accumulate in organisms (Meador et al., 2016; Silva et al., 2015). A recent 
study suggests that antidepressants in aquatic organisms can also be transferred to 
terrestrial habitats by predation or emerging aquatic insect, and can bio-magnify up food 
chains, with concentrations estimated in fish and mammals at up to half of the human dose  
(Richmond et al., 2018). Detected concentrations of antidepressants in surface waters is 
highly variable (Ford & Fong, 2015), but are generally detected at ng-µg per Litre 
(Shaliutina-Kolešová et al., 2019).  
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1.5. Effects of psychotropic compounds on organisms  
Some of the most widely prescribed psychotropic compounds worldwide include the 
antidepressants, namely the selective serotonin re-uptake inhibitors (SSRIs) and the 
serotonin and norepinephrine re-uptake Inhibitors (SNRIs), both of which are commonly 
detected in aquatic habitats and act on the serotonergic pathway by binding to and 
inhibiting presynaptic re-uptake transport proteins (Curran & Chalasani, 2012). In humans, 
SSRIs act by modulating and mimicking the effects of the neurotransmitter serotonin (5-
HT) (Komlosi et al., 2012). Serotonin also occurs in lower vertebrates and invertebrates, 
and there is evidence that the mechanisms of modulation is highly conserved (Curran & 
Chalasani, 2012). Anxiolytics such as the benzodiazepines (BZD) are also prescribed globally 
and act by interacting with gamma-aminobutyric acid (GABA) receptors, which are present 
in all vertebrates (Tsang et al., 2007) and many invertebrates (Lunt, 1991). Serotonin and 
GABA regulate a wide range of physiological systems and could potentially have the same 
effects in lower vertebrates and invertebrates as in mammals, or may have unexpected 
effects due to differences in biology (Brausch et al., 2012; Fent et al., 2006; Silva et al., 
2012). For example, psychotropic compounds have been shown to impact both the 
structure and function of stream communities by altering primary production, reducing 
and/or shifting the composition of bacterial and diatom communities responsible for 
producing biofilm, and increasing emergence of insects (Lee et al., 2016; Richmond et al., 
2016). Life-history responses in the Cladoceran Daphnia magna can be altered by exposure 
to antidepressants, with females exposed to SSRIs showing increased offspring production, 
usually associated with high food levels (Campos et al., 2012). Females reproduced earlier, 
and produced more but smaller offspring even under food limiting conditions (Campos et 
al., 2016), suggesting that the presence of antidepressants in freshwater systems could 
impact D. magna at the population level via a switch to maladaptive breeding strategies. 
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Diazepam inhibited the ability of the cnidarian Hydra vulgaris to regenerate following 
dissection at sub-lethal doses, suggesting that regeneration in this species is under the 
control of the GABA pathway (Pascoe et al., 2003). Finally, antidepressants have been 
found to induce foot detachment, increase crawling speed and impact the righting 
response in aquatic snails  (Fong et al., 2015, 2019; Fong & Molnar, 2013). 
 
In humans, antidepressants and anxiolytic compounds are used to modulate 
behaviours, therefore most research on the impacts of psychotropic compounds have been 
performed in pharmacological studies for the development of new drugs. Advancements 
in computational equipment have allowed for the sensitive analysis of a variety of complex 
behavioural endpoints such as those associated with stress and anxiety (Cachat et al., 2011; 
Klaminder et al., 2016; Pittman & Ichikawa, 2013; Spink et al., 2001). “Anxiety-like” 
behaviours are diverse and include scototaxis or phototaxis, which is defined as a 
preference for light or dark environments (Maximino et al., 2010, 2011); sheltering and 
exploratory behaviours (Baiamonte et al., 2016; Perrot-Minnotetry et al., 2017); 
thigmotaxis, which is defined as the motion or orientation of an organism in response to 
touch stimulus, but within behavioural ecotoxicology is typically a measure of wall-hugging 
behaviours (Baiamonte et al., 2016; Schnörr et al., 2012); activity and mobility (Cachat et 
al., 2010; Martin et al., 2017); behaviour towards conspecifics such as, aggression (Bacqué-
Cazenave et al., 2017; Perreault et al., 2003) and social cohesion (Miller & Gerlai, 2007; 
Parker et al., 2014); and predator avoidance (Gaworecki & Klaine, 2008). Exposure to 
psychotropic compounds has been shown to impact all of these behaviours in rodents and 
fish as they are biologically similar to humans, however, some of these behavioural changes 
are also present in invertebrate species. 
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1.6. Crustacean behaviour in ecotoxicology 
From an ecotoxicological perspective, work on the effects of psychotropic compounds on 
the behaviours of aquatic organisms is relatively new and has focused predominantly on 
vertebrates. Despite the conservation of human orthologs observed in distantly related 
invertebrate species (Gunnarsson et al., 2008), the presence of both serotonergic and 
GABA pathways via which psychotropic compounds interact (Lunt, 1991; Tierney, 2018), 
and their ecological importance in aquatic systems (Szaniawska, 2018), comparatively little 
research has been done on invertebrate species such as crustaceans (Boyd et al., 2002; 
Little et al., 1985;). In order to collate current knowledge on the behavioural impacts of 
environmental pollutants, and the types of behavioural endpoints available in crustaceans, 
a review of the literature was undertaken. First, the number of studies using behavioural 
endpoints with crustaceans was assessed along with patterns in the class of compounds 
used. This was followed by a summary of knowledge on the effects of pharmaceutical 
compounds on crustacean behaviours to date.    
 
A keyword search was performed in scientific databases using combinations of the 
following: toxicology, ecotoxicology, contaminant, pollution, pollutant, response, 
pharmaceutical, antidepressant, anxiolytic, psychotropic, crustacean, invertebrate, 
behaviour, behavioural and sub-lethal. Results ranged between 1,000 – 4,000 papers 
depending on keyword combination. The results were sorted by relevance and the top 200 
included. Of these, only papers that assessed behavioural endpoints in crustaceans for 
ecotoxicology were considered, the reference lists of these papers were then searched for 
any further studies that met the inclusion criteria.  
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1.6.1. Behaviours used with crustaceans  
A total of 89 papers that fit the literature search criteria were reviewed and the main 
behaviours they examined are outlined in figure 1.3. Almost half (47%) of the studies 
assessed simple swimming behaviours (note that the studies which assessed swimming 
include speed, activity, locomotion and crawling) and a further 18% addressed simple 
avoidance behaviours. Studies assessing more complex behaviours associated with stress, 
anxiety and boldness such as taxis and anti-predator behaviours made up just 12% and 5% 
of studies respectively.  
 
 
Figure 1.3: Percentage of studies found in the literature for behavioural endpoints used 
in ecotoxicology studies on crustaceans 
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1.6.2. Compounds used  
The number of studies published on behaviours in crustaceans, and trends in the pollutants 
that were used, are summarised in figure 1.4. Most focused on traditional pollutants 
including heavy metals and biocides (34% and 27% respectively), while emerging 
contaminants such as pharmaceuticals were less studied (20%). There was a marked 
increase in behavioural studies on crustaceans between 2000-2010 (39 in total), which was 
more than the previous 30 years combined. Data was grouped by decade except for 2010-
2019, given the projection of previous studies over time, it is expected that by the end of 
2020 the number of studies assessing behaviours in crustaceans will exceed that of 2000-
2010 (figure 1.4). Although studies on heavy metals featured heavily in previous years, the 
focus has shifted over the past decade to emerging contaminants, with studies on 
pharmaceuticals outweighing those assessing metals and biocides.  
 
 
Figure 1.4: Number of studies assessing behaviours in crustaceans grouped by 
compound and measured over time. ‘Metals’ represent heavy metals, ‘Biocides’ include 
fungicides, insecticides and other pesticides, ‘Pharmaceuticals’ include prescription and 
illicit compounds. Data for the final decade includes studies up until July 2019 which is 
when the data was collected and analysed.    
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1.6.3. Psychotropic compounds on crustacean behaviour 
From the literature review, the studies assessing behavioural impacts of pharmaceuticals 
on crustacean behaviours are summarised in table 1.1. These studies looked almost 
exclusively at the impacts of behavioural modifying compounds, in particular 
antidepressants, but also some anxiolytics and opiates. 
 
Table 1.1: Studies in the literature using behavioural endpoints in crustaceans exposed 
to psychotropic pharmaceuticals. 
Behaviour Order Species Reference 
Swimming Amphipod Echinogammarus marinus  (Bossus et al., 2014) 
    Gammarus pulex (De Castro-Català et al., 2017; 
De Lange et al., 2006, 2009)  
  Cirripedia  Amphibalanus amphitrite  (Estevez-Calvar et al., 2016) 
  Cladoceran  Daphnia magna  (Barrozo et al., 2015; Simão et 
al., 2019) 
  Decapod  Carcinus maenas (Mesquita et al., 2011) 
    Orconectes rusticus (Tierney et al., 2016) 
    Procambarus virginalis (Kubec et al., 2019) 
Taxis  Amphipod Echinogammarus marinus  (Bossus et al., 2014; Guler & 
Ford, 2010) 
  Cladoceran  Daphnia magna  (Rivetti et al., 2016; Simão et 
al., 2019) 
  Decapod  Pachygrapsus crassipes (Hamilton et al., 2016) 
    Carcinus maenas (Mesquita et al., 2011) 
    Orconectes rusticus (Tierney et al., 2016) 
    Procambarus clarkii (Bacqué-Cazenave et al., 2017; 
Fossat et al., 2014) 
Feeding Amphipod Gammarus pulex (De Castro-Català et al., 2017) 
  Cladoceran  Daphnia magna (Stanley et al., 2007) 
Aggression  Decapod  Astacus astacus  (Hamilton et al., 2016; Huber 
et al., 1997) 
    Hemigrapsus oregonesis  (Peters et al., 2017) 
Anti-
Predator  
Decapod  Chasmagnathus 
granulatus  
(Maldonado et al., 1989) 
    Hemigrapsus oregonesis  (Peters et al., 2017) 
 
 
 
1.6.3.1. Swimming 
From the studies assessing the impacts of pharmaceuticals on crustacean behaviours, 
swimming parameters were the most commonly measured, comprising almost half (47%) 
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of all studies combined. Swimming and/or locomotion is essential to aquatic organisms for 
all other behavioural processes including finding food, maintaining geographical position, 
avoiding predation and mating. As a result, any impact of environmental pollutants on 
swimming behaviours could negatively impact survival and fitness in an organism. 
Antidepressants have been found to effect multiple swimming parameters in crustaceans 
(Barrozo et al., 2015) but most studies have assessed simple velocity as it tends to be the 
most reliable and is easily translated across species. Studies on swimming speed generally 
reported increased activity in a non-monotonic dose response (Bossus et al., 2014; Estevez-
Calvar et al., 2016; Mesquita et al., 2011). Hormesis is an adaptive response to 
environmental stress (Calabrese et al., 2007; Edward & Baldwin, 2001) interpreted as an 
initial escape or avoidance response, followed by a period of adaptation, before a decrease 
in swimming as a result of reduced fitness (Cailleaud et al., 2011; Wolf et al., 1998;). 
Swimming behaviours are the simplest to measure and appear to be the most sensitive 
compared to other behavioural endpoints. However, it is more difficult to interpret the 
consequences of altered swimming behaviours on an organism at the individual or 
population level compared to other behaviours such as predator avoidance or feeding.    
 
1.6.3.2. Taxis 
Taxis behaviours were the second most studied after swimming. Of the taxis behaviours, 
phototaxis was the most popular. Crustacean species are typically negatively phototactic 
(i.e. show a preference for dark environments) but this was found to be 
reduced/attenuated following exposure to antidepressants in amphipods (Guler & Ford, 
2010) and decapods (Hamilton et al., 2016). There is evidence to suggest that phototaxis 
behaviours are correlated with stress or anxiety. For example, in crayfish, a preference for 
dark environments was positively correlated with increased stress from noxious stimuli 
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(Fossat et al., 2014), or harassment by conspecifics (Bacqué-Cazenave et al., 2017). The 
increased use of dark areas following stress was attenuated by injections with anxiolytic 
compounds in both experiments. In pharmacological studies, the preference for dark 
environments in organisms has been used to represent an ‘anxiety-like’ behaviour and has 
been termed ‘scototaxis’. The differences in terminology between disciplines has caused 
some confusion with ecotoxicological studies as to whether an animal’s preference for dark 
environments is a result of altered phototaxis (preference for light environments) or 
scototaxis (no longer retain a preference for either light or dark environments). Careful 
experimental design is required for future experiments in order to elucidate this. Other 
studies have been adapted from pharmacological assays on rodents, to fish for more high-
throughput analysis of anxiety-like behaviours (Iturriaga-Vásquez et al., 2012; Kane et al., 
2005) including thigmotaxis (Richendrfer et al., 2012; Schnörr et al., 2012), and novel tank 
diving tests (Bencan et al., 2009; Egan et al., 2009; Iturriaga-Vásquez et al., 2012; Parker et 
al., 2014). These methods have yet to be adapted to crustaceans, however, one study by 
Mesquita et al. (2011) looked at the effects of fluoxetine on locomotion in the crab Carcinus 
maenas using an open field test. The authors noted that both control and exposed animals 
spent more time in the periphery of the test chamber than in the centre suggesting strong 
thigmotactic behaviour, however, this was not further investigated as thigmotaxis 
behaviours were not the focus of the study. 
 
1.6.3.3. Feeding 
The effects of pollutants on feeding behaviour is of ecotoxicological concern because it can 
be linked with growth, survival and reproduction (Alonso et al., 2009), which correlates to 
higher levels of biological organization (Coulaud et al., 2011). Feeding inhibition has been 
applied to a variety of organisms as a general stress response to a wide range of 
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contaminants (Macedo-Sousa et al., 2007). Significant impacts of environmental pollutants 
have been observed on crustacean feeding rates (Coulaud et al., 2011; Felten et al., 2008; 
Pestana et al., 2007) as well as time spent feeding both in the laboratory and in situ (Alonso 
et al., 2009; Gerhardt et al., 1998; Macedo-Sousa et al., 2007). However, very few studies 
have assessed the impacts of pharmaceuticals on feeding behaviours and results have 
varied depending on the species. In D. magna exposure to fluoxetine produced a non-
monotonic response whereby grazing increased at mid-range concentrations (Stanley et 
al., 2007), whilst in amphipods, fluoxetine exposure via both food and water resulted in a 
reduction in feeding rate (De Castro-Català et al., 2017). 
 
1.6.3.4. Aggression 
It has been well documented that aggression in crustaceans is under the control of 
serotonin (Huber et al., 1997; Huber & Delago, 1998; Tierney et al., 2004; Tricarico & 
Gherardi, 2007). Consequently, studies measuring the impacts of psychotropic drugs on 
aggressive behaviours primarily focus on antidepressants such as fluoxetine, which act on 
the serotonergic pathway, and have used decapods as a model species. Results from 
aggression studies have reported mixed effects, with fluoxetine showing no significant 
impacts on aggressive behaviours in the crayfish, Astacus astacus (Huber & Delago, 1998) 
or the shore crab, Pachygrapsus crassipes (Hamilton et al., 2016), while aggression 
increased in the shore crab Hemigrapsus oregonensis in the form of higher frequency of 
agonistic interactions and increased mortality due to conflicts with conspecifics (Peters et 
al., 2017). The results from these studies suggest that the impacts of fluoxetine on 
aggressive behaviours is likely to be dependent on the dose and length of exposure as well 
as the sensitivity of the species used. There were no studies found in the literature for non-
35 
 
decapod species or for other psychotropic compounds that can alter serotonin 
representing an area for future work.  
 
1.6.3.5. Anti-predator  
While not directly toxic, antidepressants can indirectly impact the survival of individuals by 
altering predator avoidance behaviours. Antidepressants have been shown to affect 
predator-prey interactions in fish in the form of aberrant escape behaviour and slower 
predator avoidance (McGee et al., 2009; Painter et al., 2009). Studies on the impacts of 
antidepressants on anti-predator behaviours in invertebrates are limited, yet some effects 
have been reported in cephalopods. A study by Di Poi et al. (2014) found that cuttlefish 
exposed to fluoxetine exhibit altered camouflage efficiency and increased digging 
behaviours making them more conspicuous to predators. In amphipods, it has been 
demonstrated that infection with acanthocephalan or trematode parasites results in 
aberrant escape behaviour, which can increase the likelihood of predation, via the 
modulation of serotonin pathways (Helluy & Holmes, 1990; Helluy & Thomas, 2003). 
Despite this, the effects of antidepressants on anti-predator behaviours in crustaceans is 
limited to just two studies on species of decapod crabs (Maldonado et al., 1989; Peters et 
al., 2017). In the first study, response to danger stimuli by the crab Chasmagnathus 
granulatus was assessed using a passing shadow to mimic a bird predator, which elicited 
an escape response in controls. The escape response was mediated by the opiate morphine 
in a dose dependent manner (Maldonado et al., 1989). A more recent study by Peters et al. 
(2017) assessed the impacts of fluoxetine exposure on prey risk behaviours in the crab 
Hemigrapsus oregonensis when exposed to a larger predatory crab. Fluoxetine altered risk 
behaviours via increased foraging and locomotor activity in the presence of predators.  
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1.6.4. Other behaviours with crustaceans: 
From the literature review, other behaviours can also be used in ecotoxicological testing 
with crustaceans. However, the impacts of pharmaceuticals and psychotropic compounds 
on these endpoints have yet to be assessed.  
 
1.6.4.1. Avoidance 
When ranking an endpoint by ecological relevance, avoidance behaviours are beneficial, 
particularly when an animal avoids a contaminant at concentrations below the calculated 
lethal (LC50) or effect (EC50) concentration. In this instance, organisms with the ability to 
detect and avoid these toxins will not be exposed to harmful doses (Lauridsen & Friberg, 
2005; Lopes et al., 2004; Lotufo, 1997). However, strong avoidance may still have ecological 
impacts via local extinction and shifts in community structure (Lenihan et al., 1995; Lopes 
et al., 2004). There have been multiple studies that have provided evidence that benthic 
crustaceans have the ability to detect and avoid contaminated sediments, but these have 
focused on traditional contaminants such as heavy metals (De Lange et al., 2006; Hellou et 
al., 2005, 2008, 2009; Kravitz et al., 1999; Ward et al., 2013a, 2013b). The impacts of 
psychotropic compounds on avoidance behaviours remains unexplored. However, there is 
some evidence that avoidance behaviours in marine invertebrates may be under the 
control of serotonin. In studies by Harris et al. (2009, 2010), alterations in the serotonergic 
system in the marine worm Caenorhabditis elegans were mapped using avoidance of a 
pesticide as an endpoint, serotonin was found to be essential for the modulation of 
aversive responses suggesting that alterations to the serotonergic system by serotonin 
modulating compounds could affect avoidance efficiency in this species. The results of the 
studies by Harris et al. (2009, 2010) have implications for chemical mixtures in the 
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environment, particularly mixtures of toxic compounds with serotonin modulators, 
highlighting an area of future study. 
 
 
1.6.4.2. Reproduction 
Several studies in the literature provide evidence that antidepressants can alter the 
reproductive output in crustaceans such as Daphnids (Campos et al., 2012a, 2012b, 2013, 
2016; Henry et al., 2004; Rivetti et al., 2016) but studies on reproductive behaviours in 
crustaceans when exposed to these compounds have been few. Complex species and sex 
specific behaviours are essential, both pre- and post-copulation, for successful 
reproduction (Brian et al., 2006), and alterations in these could impact population 
dynamics. Pesticides and heavy metals have been found to affect the efficiency of pre-
copular mate guarding (Blockwell et al., 1998; Davis, 1978; Pascoe et al., 1994; Watts et al., 
2001) and mate search/detection (Krång, 2007; Krång & Dahlström, 2006) in amphipods, 
but the effect of antidepressants on these reproduction specific behaviours in crustaceans 
is currently unknown.   
 
1.7. Measuring behaviour 
Historically, behaviours were measured using relatively simple techniques, without 
automaton, and in the presence of an observer to record behaviours by eye. In recent 
years, the use of behaviours in ecotoxicology experiments has been expanding which is in 
part due to advances in behavioural automaton, improving the ease, speed, and reliability 
of behavioural assays. A wide range of behavioural hardware and video tracking software 
has been developed for assessing animal behaviours in laboratory assays, all of which are 
variations of the same basic model. An animal is placed within a behavioural arena and 
movements are video recorded and analysed by a tracking software.  
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1.7.1 Types of behavioural assay  
Several types of arena can be used depending on the endpoint(s) under examination, most 
of which have been adapted from pharmacological studies to measure ‘anxiety-like’ 
behaviours. The most common are arenas to measure behaviour(s) of animals when 
exposed to an open space. The open-field test was originally designed for rodents but has 
more recently been adapted to fish species termed the novel tank diving test (figure 1.5). 
Both tests are based on novelty, whereby animals are transferred from a familiar tank/cage 
where exposure took place to the open field (Parker, 2016; Walsh & Cummins, 1976), and 
can measure multiple exploratory behaviours associated with boldness. The pairing of 
these arenas with behavioural software allows for the sensitive tracking of animal 
movements without the presence of an observer or risk of observer bias. In an open-field 
test, animals are recorded from above. The baseline behaviours for rodents is to initially 
spend most of their time at the edge of an arena in association with a corner or wall before 
exploring the central, more exposed, areas (Simon et al., 1994). Multiple parameters can 
be measured simultaneously including wall-hugging or thigmotaxis, latency to the centre, 
time spent exploring the centre zones, freezing, and rearing behaviours (Walsh & Cummins, 
1976). Exposure to antidepressants has been shown to reduce latency to, and increase 
exploration of central zones in rodents (Simon et al., 1994).  The novel tank test works on 
a similar principal but looks at vertical position in a tank, as such, the camera is positioned 
at the side rather than above the open field. Fish introduced into a novel space will 
immediately move to the bottom of the tank and later explore the more exposed upper 
areas of the arena. It has been found that exploratory behaviours are reduced by exposure 
to alarm pheromones or perceived predator threat and increased by antidepressants and 
anxiolytics (Kalueff et al., 2016).  
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Figure 1.5: Representation of (A) the open field test with examples of rodent video tracks 
of control vs fluoxetine exposed animals (video track data from Zhang et al. (2016)) and 
(B) novel tank diving test with examples of zebrafish video tracks from controls, anxious 
and fluoxetine exposed animals (video track data from Cachat et al. (2010)). 
 
In addition to anxiety behaviours, the open field and novel tank tests are well suited 
to measuring swimming/locomotion which have been translated to crustaceans (Tierney 
et al., 2016). Recent 3D modelling has used multiple cameras in a novel tank test for a more 
detailed assessment of contaminant effects on multiple swimming parameters (Cachat et 
al., 2011; Stewart et al., 2015). Furthermore, adaptations of these assays have been used 
to assess social and schooling behaviours (Miller & Gerlai, 2007; Parker et al., 2014).  
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The next most commonly used behavioural assays are those which assess light/dark 
preference, also termed ‘phototaxis’ by ecologists, or ‘scototaxis’ in pharmacological 
disciplines. These assays include the light/dark box and the elevated plus maze test (figure 
1.6), both of which originated to assess anxiety behaviours in rodents (Bourin & Hascoët, 
2003; Crawley & Goodwin, 1980; Walf & Frye, 2007), but have since been adapted to 
aquatic species including fish (Holcombe et al., 2013; Maximino, et al., 2010), and 
crustaceans (Fossat et al., 2014). In these studies, all species had an innate aversion to 
brightly lit areas which was hypothesised as an anti-predatory or anxiety response to 
perceived ‘exposed’ areas. These assays measure multiple endpoints including the amount 
of time spent in light or dark areas, latency to enter light or dark areas and number of 
transitions between light and dark. In fish, exposure to anxiolytics and antidepressants 
resulted in increased boldness with individuals spending more time in the light 
compartment of a light/dark box (Baiamonte et al., 2016; Brandão et al., 2013; Brodin et 
al., 2017; Maximino et al., 2011). In crayfish it was observed that control animals explored 
all four arms of a plus maze test equally, but when stressed with a noxious stimulus they 
exhibited a significant preference for the dark arms of the chamber. The preference for 
dark areas in stressed individuals was attenuated by an antidepressant (Fossat et al., 2014).   
 
These assays can be analysed by eye either by directly observing animals in the 
arena or by playing back video footage. However, the use of video tracking allows for fast 
and un-bias assessment of multiple parameters simultaneously including activity, freezing 
and thigmotaxis, generating a more holistic dataset. Furthermore, behavioural software 
can aid in more accurate data analysis, for example choice assays can be corrected for how 
much an individual moved during the assay. i.e. an animal that is mobile and actively 
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chooses to spend more time in the light zone vs an animal that does not move during the 
assay regardless of light or dark zone reducing the possibility of mis-interpreting results.    
 
 
 
 
Figure 1.6: Representation of scototaxis behaviours in (A) a light/dark box alongside the 
amount of time spent in the light compartment between control and antidepressant 
exposed animals (data from Maximino et al. (2011)), *** represents significant 
differences with controls, and (B) the elevated plus-maze test adapted for crayfish 
alongside video tracks demonstrating the behaviour of control and anxious animals (data 
from Fossat et al. (2014)). 
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1.7.2 Types of behavioural hardware  
A number of behavioural systems are available commercially for behavioural analysis of 
organisms including the ZebraBox (Viewpoint) and DanioVision™ (Noldus) for Zebrafish; the 
WMicrotracker-One (Phylumtech) for larval zebrafish and other small organisms; and 
ActualTrack (Actualanalytics) for rats and mice. These systems all come with video tracking 
software which is usually specific to the species being measured. Alternatively, just the 
software can be made available commercially which can be used to analyse videos made 
with any type of camera device and is typically used when attempting to track the 
behaviours of organisms for which behavioural hardware is unsuitable or unavailable. i.e. 
the animal is too large, or the arena required is too complex to fit within the hardware 
system. For example, EthoVision®XT (noldus) software was designed to complement the 
DanioVision™ hardware system but has successfully been used to assess the behaviours of 
rodents in an open field test (Aitken et al., 2017; Spink et al., 2001) or fish in behavioural 
tests including anxiety (Baiamonte et al., 2016) and impulsivity (Parker & Brennan, 2016). 
Additionally LoliTrack software has been used to measure adult zebrafish behaviours in a 
novel tank test (Ogawa et al., 2014) and juveniles in a range of chambers (Wang et al., 
2018). The software was also used with custom 3D printed microfluidic lab-on-a-chip 
systems for successful tracking of Artemia nauplii (Huang et al., 2016), which current 
standard behavioural systems are unable to reliably track due to the animals small size. 
Outside of video tracking there are systems available which can be used both in-vivo and 
in-situ such as the multispecies freshwater biomonitor (MFB) which outputs different 
behaviours as a set of frequencies using impedance conversion (explained in detail by  
Gerhardt et al. 1994, 2005). It is capable of recording behavioural patterns for a wide range 
of aquatic organisms (Gerhardt et al., 1994, 2004), and is sensitive to different kinds of 
behaviours including locomotion, ventilation and feeding. The MFB has been used 
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successfully in both laboratory (Gerhardt et al., 2002, 2004) and field (Gerhardt et al., 1996, 
1998) studies to assess the behaviours of aquatic invertebrates. Recently, telemetry has 
been used with fish to assess behaviours in the environment (Klaminder et al., 2016, 2019) 
to compliment laboratory studies and provide data on the ecological impacts of 
contaminants.  
 
1.8. Current limitations to behavioural assays  
Despite the clear benefits and growing recognition as a useful endpoint in ecotoxicology, 
behavioural endpoints currently have some limitations preventing their wider use in 
toxicology studies and its inclusion in standard toxicity testing for ERA. 
 
1.8.1 Hardware 
Commercially available behavioural hardware is currently limited to the four companies 
(Viewpoint, Noldus, Phylumtech and Actualanalytics) previously mentioned. Most of this 
hardware has only been validated for a few model species meaning that any larger scale 
behavioural assays need to be done in home-made systems, which comes with their own 
host of issues with standardisation, and repeatability of behavioural assays across 
laboratories. In the last year a series of behavioural systems in a range of sizes has been 
introduced to the commercial market by ZANTIKS. The system has been used successfully 
to assess behaviours associated with memory and learning in adult Zebrafish (Cleal & 
Parker, 2018), and has potential for invertebrates (Kohler et al. unpublished data) however, 
as the company is currently in the start-up phase, it is yet to be fully developed and 
validated for multiple model organisms. The MFB system is useful as an indicator of 
ecosystem health as it can measure multiple behaviours in a range of species in the 
environment simultaneously. However, it requires careful calibration as some similar 
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frequencies (such as ventilation and feeding) can overlap (Alonso et al., 2009; De Lange et 
al., 2006; Macedo-Sousa et al., 2007).  
 
1.8.2. Standardisation 
Standardisation is currently one of the major limitations to the inclusion of behavioural 
assays in ERA. There are cases in the literature whereby studies of the same compound can 
have varying and sometimes opposing results (Sumpter et al., 2014). It is thought that the 
lack of standardisation of behavioural assays has led to poor reproducibility and the 
occurrence of conflicting results. Whilst the use of behavioural hardware as opposed to 
home-made systems can go a long way to minimising issues of standardisation, there are 
multiple elements of behavioural assays that have no standardised guidelines and so can 
vary across laboratories. For example the open-field test was first introduced in the 1930s 
(Hall, 1934; Hall & Ballachey, 1932;) to measure anxiety-behaviours in rodents for 
psychology studies and has been used for the development of new psychotropic 
compounds for decades (Walsh & Cummins, 1976). More recently the concept was applied 
to zebrafish as the novel tank diving test for high-throughput screening and use in 
ecotoxicology studies. Despite its long-term use, some aspects of these novelty based tests 
are yet to be standardised including shape and size of the open field, lux, external stimuli, 
presence of an observer, handling, pre-housing conditions, temperature, presence of 
conspecifics, age of animals, duration of behavioural trials, and acclimation times (Walsh & 
Cummins, 1976), many of which have been shown to impact behaviours (Gouveia & Hurst, 
2017; Grabovskaya & Salyha, 2014; Oldham & Morlock, 1970; Parker et al., 2012; 
Rosemberg et al., 2011; Thompson et al., 2016) 
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1.8.3. Interpretation of results 
The use of behavioural endpoints is also limited by our understanding of the baseline 
unconditioned behaviours of many organisms, and the relevance of these behaviours to 
higher level effects (Melvin & Wilson, 2013). From the literature review, the main 
behaviours used in ecotoxicology and how they can interact with other endpoints have 
been mapped in figure 1.7. Swimming and locomotion can impact all other behaviours in 
an aquatic organism and is more difficult to interpret compared to more specific behaviours 
such as those associated with aggression.      
 
 
 
Figure 1.7: Diagram of behaviours used in ecotoxicology and how they can interconnect 
with other behaviours. 
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Sometimes determining which behaviour is being measured is unclear. Carefully 
developed assays are required to measure and differentiate between subtle behavioural 
variations in response to drug stimuli. For example, in a study by Guler & Ford (2010), 
choice experiments were used to assess alterations in phototaxis and geotaxis in a marine 
amphipod exposed to fluoxetine. They found an increase in occurrence of animals in the 
light side of a choice chamber and higher up a water column which was interpreted as 
altered phototaxis and geotaxis. The experiment was developed further by Bossus et al. 
(2014) who assessed swimming behaviours using video tracking software and found that 
SSRIs resulted in an increase in general swimming activity and alterations in responsiveness 
to a light stimulus. These results suggest that the previous findings by Guler & Ford (2010) 
may not have been the result of altered phototaxis but rather increased swimming activity 
resulting in more time spent in the light side of the chamber. An increase in activity rather 
than altered phototaxis is supported by the literature, in that studies have found that SSRIs 
can increase swimming speed and activity in crustaceans (Bossus et al., 2014; Estevez-
Calvar et al., 2016; Mesquita et al., 2011) which has been interpreted as an escape response 
to detected contaminants (Huang et al., 2016).    
 
Avoidance behaviours can also be linked to multiple endpoints including feeding 
and reproduction. In feeding assays with the amphipod Gammarus pulex, animals were 
exposed to fluoxetine either via treated leaves or water (De Castro-Català et al. 2017). Both 
treatment groups had lower consumption rates and the results were reported as an impact 
on feeding behaviours. However, it is unclear if the endpoint measured was in fact feeding 
behaviours that were impacted by the compound or rather the detection and avoidance of 
contaminated foods. Studies on pre-copular mate guarding in amphipods have shown 
reduced pairing when exposed to environmental contaminants (Blockwell et al., 1998; 
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Davis, 1978; Pascoe et al., 1994; Watts et al., 2001). However, whether this is a result of 
the contaminant impacting the ability to form copular pairs or the avoidance of a 
contaminated mate is difficult to distinguish. In parasite studies, it has been demonstrated 
that males and females are less attracted to parasitised mates (Minchella, 1985; Zuk, 1992) 
and that infected individuals are less choosy (Poulin, 1994; Poulin & Vickery, 1996) and 
recent studies have found similar impacts on the mating choices of fish exposed to 
environmentally relevant concentrations of pharmaceuticals (Bertram et al., 2020; 
Candolin & Wong, 2019). Additionally, endpoints such as aggression could have 
implications for both feeding and reproductive behaviours if alterations in aggressive 
behaviours reduce an individual’s competitive abilities. There is also some controversy in 
the literature between taxis studies whereby, depending on the discipline, an animal’s 
preference for light or dark environments has been termed phototaxis as a preference for 
light or dark environments or scototaxis as an ‘anxiety-like’ behaviour in that animals no 
longer exhibit a preference for light or dark areas. Both could have implications for anti-
predator behaviours if an organism that usually hides in the dark is suddenly attracted to 
the light (phototaxis) or no longer has a preference for light or dark environment 
(scototaxis), but differences in terminology makes comparing studies across disciplines 
difficult, and further work is required to elucidate the difference between a phototactic or 
a scototactic response. These crossovers and inconsistencies between endpoints and 
terminologies can cause issues with interpretations of results and highlights the need for 
carefully designed experiments.  
 
 
 
48 
 
1.9. Summary 
Until recently there was a poor understanding of how alterations in behaviour may be 
related to ecologically relevant issues. Recent improvements in computational equipment 
has resulted in significant progress in the ease and affordability of obtaining and 
interpreting behavioural endpoints. The use of behavioural endpoints in ecotoxicology has 
been expanding alongside these technologies with much of the work done using fish 
behaviours and a few looking at invertebrates including crustaceans. As a result of this 
expansion, there is a call for standardised and validated methods to measure the effects of 
non-lethal levels of pollution on behaviour.  Trace amounts of antidepressants have been 
detected in aquatic systems globally and increased prescriptions of behavioural modulating 
medicines means there is a requirement for greater understanding of the potential 
environmental impacts of these compounds. Standard toxicity testing suggests that these 
compounds are non-toxic at environmental concentrations, but studies have shown that 
these low concentrations can have effects on behaviours, particularly those which are 
modulated by serotonin. In 2012 a review was undertaken to identify the key outstanding 
issues regarding the effects of pharmaceuticals on ecological health. Using a “key question” 
approach to identify the principal issues that needed to be addressed, the development 
and incorporation of behaviours in ecotoxicology testing was recognised as a key issue for 
understanding the true impacts of pharmaceuticals in the environment (Boxall et al., 2012). 
It is thought that the addition of behavioural endpoints to ecotoxicology tests for ERA will 
be useful in protecting wildlife from sub-lethal effects. Currently, the widespread use of 
behaviours in risk assessment is hindered by a lack of knowledge on the baseline 
behaviours of a range of model organisms and their suitability in ecotoxicology testing, and 
problems with lack of standardisation has resulted in variations in effective concentrations 
in the literature. Furthermore, the accurate interpretation of behaviours between closely 
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related endpoints can be challenging, such as swimming speed and avoidance, aggression 
and reproduction, and definitions between scototaxis or phototaxis, highlighting the need 
for carefully designed experiments.  
 
In this thesis a range of behavioural assays are developed, and the issues of 
standardisation are addressed. Advanced behavioural automaton is used to develop a high-
throughput and highly standardised behavioural assay for model crustacean species, with 
the aim of developing a fast and reliable behavioural assay to encourage the use of 
behavioural endpoints in environmental risk assessment. The effects of psychotropic 
compounds on crustacean behaviours are assessed to determine the impacts of these 
environmental contaminants on aquatic organisms.  
 
The main aims of the project are: 
1. To develop and optimise high-throughput behavioural assays for crustaceans in 
ecotoxicology studies 
2. Assess the impacts of environmentally relevant concentrations of psychotropic 
compounds on crustacean behaviours 
 
To achieve these aims, several objectives are met: 
- Chapters 2 and 3 address some of the key issues with standardisation of behavioural 
assays. In Chapter 2, a number of behavioural assays associated with anxiety are 
developed, whilst collecting baseline data on the unconditioned behaviours of a marine 
and freshwater amphipod. Chapter 3 assesses differences in the baseline unconditioned 
behaviours of amphipods between species 
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- In Chapters 4 and 5, the behavioural assays developed and optimised in chapters 2 and 3 
are used to assess the impacts of environmentally relevant concentrations of an 
antidepressant and an anxiolytic on amphipod behaviours respectively. 
- In Chapter 6 a swimming speed assay is developed for the brine shrimp Artemia 
franciscana for the automated, high-throughput screening of psychotropic compounds.  
- Chapter 7 summarises the work presented in this thesis in the context of using crustacean 
behaviours in ecotoxicology, including its merits, limitations, and suggestions for future 
research.   
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Chapter 2 
Factors affecting the baseline 
unconditioned behaviours of a marine 
and freshwater amphipod 
 
Published in part as: Kohler et al., (2018): Shape and size of the arenas affect amphipod 
behaviours: implications for ecotoxicology, PeerJ 6:e5271  
 
(See Appendix 1)  
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2.1. Introduction 
The use of ‘anxiety-like’ behaviours in animals for assessing the impacts of 
environmental contaminants, including psychotropic compounds, can be found throughout 
the literature (Egan et al., 2009; Hamilton et al., 2016; Wong et al., 2013). However, studies 
have been met with some disparity as to their repeatability due to their sometimes variable 
results (Sumpter et al., 2014). This is most likely due to a lack of standardisation, and 
validation of the assays used to assess behavioural endpoints (Parker, 2016; Spruijt et al., 
2014). For example, the open field test has historically been implemented to measure 
multiple behaviours associated with anxiety, and to assess the effects of behavioural 
modifying compounds in rodents. Despite its ubiquitous use in behavioural studies, the test 
has been reported as having low validity due to a lack of standardisation (Haller & Alicki, 
2012; Spruijt et al., 2014). Factors including both the shape and size of the arena, light 
conditions, and definition of zones have been identified as things to consider when 
conducting these tests (Eilam, 2003; Grabovskaya & Salyha, 2014; Spruijt et al., 2014). In 
addition to a lack of standardisation, the use of behavioural endpoints in ecotoxicology and 
their translation to other species is currently limited by our understanding of the 
unconditioned baseline behaviours of many model organisms, and the relevance of these 
behaviours to higher level effects (Melvin & Wilson, 2013; Parker, 2016). Thigmotaxis or 
‘wall hugging’ is a conserved behaviour whereby organisms placed in a novel environment 
will stay close to walls or corners and has been demonstrated in mice (Simon et al., 1994; 
Treit & Fundytus, 1988), zebra fish (Baiamonte et al., 2016; Richendrfer et al., 2012; Schnörr 
et al., 2012) and crayfish (Tierney et al., 2016) as a viable endpoint for behavioural study. 
Phototaxis is another well-documented behaviour by which an organism has a preference 
for light (positive) or dark (negative) environments. Phototaxis behaviours are also highly 
conserved across multiple taxa, and have been put forward as a useful endpoint in 
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ecotoxicology testing in rodents (Bourin & Hascoët, 2003; Crawley & Goodwin, 1980); fish 
(Blaser & Rosemberg, 2012; Maximino et al., 2010, 2011; Serra et al., 1999); Branchiopoda 
including Daphnia and Artemia (Dojmi Di Delupis & Rotondo, 1988); shore crabs (Hamilton 
et al., 2016); and crayfish (Fossat et al., 2014; Tierney et al., 2016).  
 
Amphipods have been used extensively in ecotoxicological studies for a range of 
endpoints associated with lethality, feeding, reproduction, behaviour and for biomarker 
studies (see Kunz et al., 2010 and references within). They are ubiquitous in almost all 
aquatic systems, covering a wide trophic range as herbivores, detritovores and predators, 
and constitute an important  prey  for many fish species (Glazier, 2014). Historically it has 
been reported that aquatic amphipods exhibit negative phototaxis (Holmes, 1901), and 
engage in thigmotaxis (Brundin, 1913). In more recent ecotoxicological studies, amphipods 
have been used successfully to assess the impacts of psychotropic compounds on 
phototactic behaviour (Guler & Ford, 2010) and activity (Bossus et al., 2014). These 
conserved behaviours act to maintain fitness in an organism and may influence predation 
risk. A study by Perrot-Minnot et al., (2017) stressed the amphipod Gammarus fossarum 
with a noxious stimuli. The stressor resulted in an increase in anxiety-like behaviours which 
correlated to increased survival from fish predation. While it has been documented that 
amphipods can engage in thigmotaxis (Brundin, 1913), the thigmotactic behaviours remain 
unquantified to date.  
 
When designing new behavioural assays for aquatic toxicology there is ultimately a 
trade-off between high-throughput analysis and the size of experimental arenas. For 
example, there is a risk posed by creating arenas that are too small for the model organism 
in that the behaviours one aims to measure could be constrained by restricting the 
organism’s ability to behave ‘normally’. Conversely, creating unnecessarily large 
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experimental arenas requires greater lab resources and reduces high-throughput analysis 
by limiting the number of individuals which can be monitored at a given time.  The shape 
of the arenas may also impact the spatial distribution, time spent active (i.e. use of refuge 
areas vs exploratory behaviours) or patterns of swimming in aquatic organisms.  
 
In this chapter, a number of behavioural studies were performed on two species of 
amphipod, Echinogammarus. marinus and Gammarus pulex, representing a marine and 
freshwater model.  is an intertial, esturine species of amphipod, comprising an important 
food source for wading birds (Martins et al., 2002; Múrias et al., 1996). G. pulex represents 
a freshwater species ubiquitous in most freshwater systems throughout Europe serving an 
important role as a detritovore and prey species (Welton, 1979). Preliminary work was 
conducted for E. marinus to determine the optimal acclimation period prior to behavioural 
analysis. Marine crustaceans have been shown to exhibit diurnal rhythms in locomotion 
and activity (Jury et al., 2005), and decapod species can retain these rhythms even when 
kept in constant conditions for 3-5 days (Chandrashekaran, 1965; Goldstein et al., 2015). 
To date, and to the best of the author’s knowledge, the retention of circadian and circatidal 
rhythms under laboratory conditions are yet to be quantified in amphipods. Methods for 
measuring swimming parameters (including velocity and activity), as well as phototaxis and 
thigmotaxis behaviours in amphipods are presented using a range of choice assays and light 
disturbance stimuli. The intensity of light disturbance on the baseline behaviours of the 
two amphipod species was also assessed.  
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The main aims of the study were to determine: 
1. Does E. marinus retain diurnal rhythms when kept in constant conditions in the 
laboratory, and what is the optimal acclimation period prior to behavioural 
studies? 
2. Do amphipods exhibit phototactic, thigmotactic and swimming behaviours that can 
be measured as a laboratory assay?  
3. Does light intensity affect phototactic, thigmotactic and swimming behaviours in 
amphipods? 
4. Does the size of an arena have an effect on phototaxis?  
5. Does the shape and size of an arena have an effect on thigmotaxis, spatial usage 
within arenas, swimming speeds and activity?  
 
2.2. Materials and methods 
2.2.1 Measuring behaviours 
A range of commercial tracking systems currently exist which have been designed to track 
and analyse larval zebrafish including LoliTrack V.4 (www.loligosystems.com), ZebraBox 
(www.viewpoint.fr), and ActualTrack (www.actualanalytics.com). Whilst designed for 
specific species (namely rodents or zebrafish), these systems may also have applications 
for other organisms. For example LoliTrack V.4 software has been used successfully 
alongside 3D-printed microfluidic chambers to accurately track multiple crustacean species 
(Cartlidge et al., 2017; Huang et al., 2016). All of the behavioural analysis throughout this 
study was performed with a DanioVision™ observation chamber (Noldus) connected to 
EthoVision®XT 11.5 software (TrackSys, Nottingham, UK). Although designed for tracking 
zebrafish, this hardware and software has been used successfully to track behaviours of 
both E. marinus and G. pulex (Bossus et al., 2014; De Castro-Català et al., 2017). The 
experimental set up of the DanioVision™ is outlined in figure 2.1. The observation chamber 
was comprised of an external hood and internal holder for a multi-well plate or small 
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container. The holder is infra-red backlit with an additional cold white light source which 
can be programmed to operate automatically. Together these provide a controlled 
environment for behavioural experiments. An infra-red sensitive camera (resolution 
640x480, frame rate 30) was mounted inside the hood above a lens to prevent angular 
distortion. The EthoVision®XT 11.5 software can measure a number of parameters 
associated with movement and activity simultaneously in multiple organisms and can be 
programmed to operate DanioVision™ hardware. A detailed synthesis on the 
EthoVision®XT video tracking system, including its function and applications was made by 
Spink et al  (2001). Briefly, the detection settings for both species were set using the 
automated setup function. This worked well for both species however, if using an older 
version of EthoVision®XT the detection parameters may also be set manually using the 
dynamic subtraction mode with subject colour indicated as darker than the background 
(dark range: 8-255, frame weight: 1), and subject size set between 387-11625 pixels. The 
smoothing function was used to reduce track noise. This function is to be used if the centre 
point on the animal is continuously moving but the animal is staying in one place. For 
amphipod species this is useful for discerning swimming or crawling behaviours from other 
movements such as respiration. Data output can be calculated automatically by the 
EthoVision®XT for a wide range of endpoints associated with activity and spatial 
distribution as either numerical data, or as visual tracks of activity pathways or heatmaps 
of spatial use (figure 2.1).  
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Figure 2.1: (A) DanioVision™ observation chamber connected to EthoVision®XT 
software. (B) DanioVision™ observation chamber with open hood showing plate holder 
with multi-well plate. (C) EthoVision®XT data output of activity pathways (D) 
EthoVision®XT heatmaps of spatial distribution. 
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2.2.2 Echinogammarus marinus  
2.2.2.1 Specimen collection and husbandry 
Specimens of E. marinus were collected from Langstone Harbour, Portsmouth, UK (co-
ordinates 50
o
47’22.8”N, 1
o
02’35.9”W; figure 2.2). The sample site was intertidal, and 
during low tide was characterised by areas of silt or gravel with large rocks. The upper-
intertidal zone was colonised predominantly by species of brown algae, namely Fucoids, 
and Ascophyllum nodosum which form large aggregations. All specimens were collected by 
hand at low tide by gently shaking them from the algae. Specimens were then placed into 
a bucket with sea water collected from the sample site and transported back to the 
Institute of Marine Sciences. Individuals were incubated at 10±1
o
C with a 24hr dark regime. 
Filtered seawater from Langstone Harbour was used as a medium, with aeration delivered 
via an air pump and air stone. Specimens were provided with Fucus vesiculosis or A. 
nodosum as both a food source and substrate (Martins et al., 2014). A water change was 
performed every three days, and algae replaced as necessary. 
 
 
Figure 2.2: Location of the sample site for E. marinus. White line represents 180m stretch 
of beach within Langstone harbour, Portsmouth UK (inset). Yellow star marks location of 
the Institute of Marine Sciences laboratories. Images sourced from Google maps. 
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Following specimen collection, individuals were checked under a backlight for internal 
parasites. Specifically, metacercariae of the trematode Maritrema spp which utilise E. 
marinus as an intermediate host. Maritrema spp encyst in the head and body cavity (figure 
2.3), and have been shown to modify phototactic and geotactic behaviours in E. marinus 
via alterations of the serotonergic pathway (Guler et al., 2015; Guler & Ford, 2010). Any 
individuals found containing parasites were removed from the study.    
 
 
Figure 2.3: Male E. marinus infected with Maritrema spp metacercariae (arrow). 
 
Only adult males were used for all behavioural studies to reduce variability between 
individuals, as it has been demonstrated that animals can differ in behaviour between both 
life stage (Kristofco et al., 2016) and sex (Sornom et al., 2012). Males were selected by eye 
under a stereo microscope and were identified from females by their proportionally larger 
gnathopods and differences in the hair structure on the telson (figure 2.4). Male telsons 
were characterised by a coating of fine hairs, whereas females have fewer hairs which form 
as aggregated tufts (figure 2.4). Males may also be identified from females by a lack of 
brood plates (Glazier, 2014) and the presence of a testes on their ventral side. The presence 
of testes was not used for the selection of males prior to behavioural studies as this would 
require handling and manipulation of the animals, which could cause both physical damage 
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and stress. Instead, as a secondary measure, the selected males were allowed to acclimate 
to laboratory conditions and checked after three days. Any females still present in the 
sample would form amplexing breeding pairs with a male, whereby the male carries the 
female on his ventral side (Glazier, 2014), and could be removed from the experiment. As 
a final measure, all individuals were retrospectively checked for testes or brood plates 
following the behavioural studies so that any mis-sexed individuals could be excluded from 
the data set. Following the initial screening of specimens, only two females were found 
forming amplexing pairs with males across all experiments, and no females were identified 
following any of the behavioural studies. This suggests that selection by eye, as described 
in this section, is sufficient for accurately characterising sex in this species whilst minimising 
stress. Individuals that were not suitable for behavioural studies, including juveniles, 
parasitised, or otherwise unhealthy males, were returned to the sampling site for release.  
 
 
Figure 2.4: Visual characteristics of (A) an adult male E. marinus, and (B) an adult 
female E. marinus. Black arrows indicate the structure of the hairs on the telson. 
A 
B 
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2.2.2.2 Determining acclimation times and diurnal rhythms  
E. marinus were collected at low tide as described in section 2.2.2.1. A random sample of 
30 males were selected and allowed to acclimate in an aquarium with filtered seawater 
from Langstone Harbour. Crustaceans have demonstrated both circatidal and circadian 
rhythms (Reid & Naylor, 1989), so acclimation was performed in an incubator at 10
o
C±1 
under a 24hr dark photoperiod to eliminate external stimuli. Behavioural analysis was done 
at the first high tide using a DanioVision™ observation chamber connected to 
EthoVision®XT software (TrackSys, Nottingham, UK) as described in section 2.2.1. A 6-well 
plate was loaded with 10mL of filtered seawater from Langstone Harbour. E. marinus were 
then transferred from the holding aquaria, and a single individual was placed in each well. 
Transfer of organisms was done via a plastic spoon to minimise handling stress which may 
impact behaviours (Gouveia & Hurst, 2017; Thompson et al., 2016). For all experiments 
throughout the thesis, animals were provided 1-2minutes acclimation to the DanioVision™ 
hardware before running trials. The water level in each well allowed for free horizontal 
swimming but limited vertical movement. Individuals were tracked in the DanioVision™ for 
6 minutes in the dark and activity was measured as mean velocity over time. Seawater in 
the well plates was replaced between trials to prevent impacts on behaviour from the 
potential release of stress hormones by previous test subjects, and to maintain seawater 
temperature. Activity was assessed for every high and low tide for 4 days. Trials began 15 
minutes before full high/low tide. The experiment was later repeated as above with 36 
males for 6 days to check repeatability of results.  
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2.2.2.3 Determining the effect of arena shape  
To determine the effects of arena shape on behaviour, E. marinus were collected and 
acclimated as described in section 2.2.1.1. Organisms were acclimated for 1-week, as 
determined by the preliminary study on retention of diurnal rhythms (see results section 
2.3.1.1). Following acclimation, the behaviours of E. marinus were analysed using the 
DanioVision™ observation chamber connected to EthoVision®XT 11.5 video tracking 
software. Organisms were tracked for a total of 8 minutes under a 2-minute dark : 2-minute 
light cycle. ‘Light On’ was used as a disturbance to induce a behavioural response, and as 
light intensity has been shown to affect anxiety behaviours in some species (Martin-Arenas 
& Pintado, 2014), replicates were carried out under a range of light intensities, with each 
individual exposed to either 100%, 50%, 20% and 5%  (4000, 2000, 800 & 200 lux 
respectively) to ascertain whether the lux used would have an effect on the behavioural 
response of E. marinus. The experimental conditions described here were used for all 
subsequent experiments in this chapter.  
 
2.2.2.3.1 Phototaxis  
The effects of arena shape on phototaxis were not analysed as the round arena created too 
great an area whereby the organisms could be in both the light and dark sides at one time 
compared to a square arena. This is demonstrated in figure 2.5. The square arena (figure 
2.5a) has an even light and dark zone of 50mm in width. This is greater than the total length 
of the larger species of amphipod E. marinus which can reach a length of 20-25mm. The 
round arena on the other hand (figure 2.5b) has a smaller width at each end of the dark 
zone compared to the middle making it more likely for organisms to be present in both the 
light and dark zone at the same time.     
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Figure 2.5: Theoretical dimensions of phototaxis chamber for comparison of (A) square 
and (B) round arenas  
 
 
 
2.2.2.3.2 Thigmotaxis 
A square 100x100mm petri dish (figure 2.6a) and a standard round petri dish (figure 2.6b) 
were used to assess whether the presence of a corner would affect thigmotactic behaviours 
in E. marinus. Central and outer zones were marked in the EthoVision®XT software (figure 
2.6). The width of the outer zone was calculated from the round petri dish as a quarter of 
the circumference. This allowed for the outer zone to be the same width as the radius of 
the central zone. The width of the external zones of the square petri dish were kept the 
same as that of the round dish for consistency of peripheral zones between arenas. 
Thigmotaxis was measured as the duration of time an organism spent in the centre zone 
compared to peripheral zone(s). A total of 240 animals were analysed in the tracking 
system with 30 individuals per light intensity. This resulted in 120 replicates performed per 
arena shape. 
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Figure 2.6: Dimensions of zones for (A) square and (B) round arenas for measuring 
thigmotaxis. 
 
 
2.2.2.3.3 Swimming  
The effects of arena shape on swimming velocity and activity were measured 
simultaneously during thigmotaxis trials. When assessing velocity, animals were assessed 
in the entire arena rather than separated into zone use for ease of data analysis.  
 
2.2.2.4 Determining the effects of arena size 
2.2.2.4.1 Phototaxis 
Phototaxis was assessed using Thermo-Scientific ‘Nunc’ well plates. All plates have the 
same standardised external dimensions (128 x 86mm) which fit exactly inside the 
DanioVision™ holding plate. An omniplate was used for large arenas and a 4-well plate was 
used for small arenas. These plate sizes were selected as both were rectangular in shape. 
The well plates were placed over a specially designed strip of acrylic creating a light and 
dark zone in the well (designed by the author and produced by Bill Buddenberg of Tracksys) 
The plate consisted of a clear acrylic through which both white and infra-red light can pass, 
and a black acrylic that allows only infra-red light to pass. The use of infra-red light is 
advantageous as video cameras are very sensitive to these wavelengths whilst the eyes of 
many aquatic invertebrates including crustaceans are relatively insensitive to red light 
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Centre 
22mm 
22mm 22m
m 
A B 
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(Cronin, 1986; Weiss et al., 2006). As a result, it is widely assumed that most crustaceans 
are unable to perceive infra-red wavelengths. Light and dark zones were marked in 
EthoVision®XT, and an exclusion zone was added to prevent organisms being in two zones 
at one time (figure 2.7). E. marinus were transferred from holding tanks, and a single 
individual was placed in the centre of each arena. Large arenas contained 80ml of aquarium 
water whilst small arenas contained 20ml. The water level was enough to allow free 
horizontal swimming whilst limiting vertical movement. Following a 1-minute acclimation 
period, organisms were recorded for 8 minutes under a 2-minute dark:2-minute light cycle. 
During the 2-minute dark cycle the whole chamber was dark. In the 2-minute light cycle, 
the cold light incorporated into the holding plate in the DanioVision™ was turned on. The 
half of the chamber comprising of clear acrylic was lit whilst the black acrylic half remained 
dark. The infra-red camera allowed for the tracking of organisms in both light and dark 
zones. Phototaxis was calculated as the percentage of time spent in the light zone 
compared to the dark during the two 2-minute light phases. Replicates were carried out at 
a range of light intensities (section 2.2.1.3) to determine whether the lux used had an effect 
on phototactic behaviours. A total of 264 individuals were tested. 120 replicates were 
performed in the large arena, with 30 individuals per light intensity. For the small arena 
144 replicates were tested using 36 individuals per light intensity.    
 
 
Figure 2.7: Dimensions of light, dark and exclusion zones for (A) large and (B) small 
arenas. 
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2.2.2.4.2 Thigmotaxis  
The effect of varying arena size on thigmotactic behaviours were not analysed for E. 
marinus as the use of an omniplate or petri dish was the maximum size that could fit within 
the DanioVision™ system. Multi-well plates had smaller arenas which were not suitable for 
E. marinus as adult males can reach a length of up to 20-25mm, so when in a smaller arena, 
individuals would occupy both central and outer zones at the same time, making 
assessment of outer zone use compared to centre zone impossible. 
  
2.2.2.4.3 Swimming 
Thigmotaxis and activity were measured simultaneously in the DanioVision™. It was 
decided that the optimal dimensions for analysis of thigmotaxis would also be sufficient for 
assessing activity in this species. Using the same arena for multiple endpoints minimised 
the number of transfers of animals into other arenas, thereby reducing stress. This 
approach also decreased time spent collecting data thereby increasing throughput.  
 
2.2.3 Gammarus pulex  
2.2.3.1 Specimen collection and husbandry  
Specimens were collected from the river Ems, Emsworth, UK (co-ordinates 50
o
51’40.5”N, 
0
o
55’42.5”W; figure 2.8). The sampling site was characterised by shallow water flowing 
over gravel and stone. The riverbanks supported dense vegetation on one side and a brick 
wall bordering gardens from residential buildings on the other. Specimens of G. pulex were 
caught in a 1mm mesh net using the kick sampling method outlined by the Freshwater 
Biological Association (FBA, 2015). Briefly, nets were placed on the riverbed downstream 
of the flow of water. The substrate was disturbed by gentle kicking, causing benthic 
organisms to disassociate from the substrate. Once in the water column, organisms were 
carried into the net by the water current. G. pulex were transferred from nets into buckets 
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containing Ems river water, which was collected from the sample site at the same time as 
animal collection, and transported immediately to the Institute of Marine Sciences, 
Portsmouth, UK. Specimens were then transferred into 11 litre tanks containing Ems river 
water. Leaf litter collected from the sample site acted as a natural substrate and a food 
source of conditioned leaves. Tanks were kept in an incubator under a 24-hour dark 
photoperiod at 10
o
C±1 with an air stone. A water change was performed every three days 
with river water collected from the sample site and stored in an aerated container at 15
o
C.  
 
 
Figure 2.8: Location of sample site for collection of G. pulex. Yellow pin represents the 
position of the sample site in Ems river, Emsworth, UK (inset). Images sourced from 
Google maps.    
 
Following specimen collection, individuals were checked under a backlight for internal 
parasites. Specifically, cycstacanths of the acanthocephalan Pomphorhynchus laevis which 
utilise G. pulex as an intermediate host. The acanthocephalan encysts in the body cavity 
and is visible through the amphipods cuticle as an orange/yellow cyst (figure 2.9). These 
parasites have been shown to modify phototactic behaviours in G. pulex making them more 
susceptible to predation by fish (Bakker et al., 1997). Any individuals containing parasites 
were removed from the study. 
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Figure 2.9: Male G. pulex infected with P. laevis. Arrow indicates position of the parasite 
within the body cavity.  
 
Adult males were used for all behavioural studies. These were selected by eye under a 
stereo microscope and were identified from females by their proportionally larger 
gnathopods (figure 2.10). Gravid females could also be identified by eye by the presence of 
eggs within the brood plates (figure 2.10b). Males may also be identified from females by 
the presence of a testes. However, as with E. marinus, this was not used for assessing sex 
as it would require handling and manipulation of the animals, causing undue stress. 
Instead, organisms were left to acclimate to laboratory conditions and checked for 
amplexing breeding pairs during their first water change, as described in section 2.2.2.1. As 
a final measure, all individuals were retrospectively checked for testes or brood plates 
following the behavioural studies. Any mis-sexed individuals were excluded from the data 
set.  
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Figure 2.10: Visual characteristics of (A) an adult male G. pulex, and (B) an adult female 
G. pulex. Red arrow indicates the presence of eggs in a gravid female.  
 
2.2.3.2 Determining the effects of arena Shape  
2.2.3.2.1 Phototaxis 
The effects of arena shape on phototaxis behaviours were not analysed as with E. marinus 
(see section 2.2.2.3.1). It was determined that a square or rectangular arena would provide 
a more accurate assessment of phototaxis behaviours compared to circular by reducing 
cases were animals were present in both the light and dark zone at the same time.   
 
2.2.3.2.2. Thigmotaxis  
The effects of arena shape on the thigmotactic behaviours of G. pulex were assessed as 
described for E. marinus (section 2.2.2.3.2) for consistency between data sets. A total of 
240 individuals were tested with 120 replicates performed per arena shape (i.e. round or 
square). Replicates were done under a range of light intensities (section 2.2.2.3), as with E. 
marinus, to assess whether the lux used would have an effect on thigmotactic behaviours.   
   
2.2.3.2.3 Swimming 
The effects of arena shape on velocity was measured simultaneously during thigmotaxis 
trials.   
A B 
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2.2.3.3 Determining the effects of arena Size  
2.2.3.3.1 Phototaxis 
To assess the effects of arena size on phototactic behaviours, the methods described in 
section 2.2.2.4.1 were used for consistency with E. marinus datasets. A total of 252 G. pulex 
were tracked in the DanioVision™
 
under a range of light intensities (as described in section 
2.2.2.3). 124 replicates were performed for large arenas and 128 replicates for small 
arenas.   
 
2.2.3.3.2 Thigmotaxis  
To measure the impacts of arena size in relation to animal size on thigmotaxis, G. pulex 
were tracked in a petri dish, a 2-well, and a 6-well plate (figure 2.11). For simplicity these 
will henceforth be referred to as large, medium and small arenas respectively. Central and 
outer zones were calculated as half of the circumference of the whole arena so that the 
area of the central and outer zones would remain in the same proportion for each size class 
(table 2.1). The dimensions of zones in the EthoVision®XT software for each size class are 
outlined in figure 2.11. A total of 430 organisms were used at a range of light intensities (as 
described in section 2.2.2.3). 140 replicates were performed for the large arena, 146 for 
the medium, and 144 for the small arenas. 
 
2.2.3.3.3. Swimming  
The impact of arena size on velocity were measured simultaneously in thigmotaxis trials.   
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Figure 2.11:  Dimensions of zones for (A) large, (B) medium and (C) small arenas.  
 
 
 
Table 2.1: Dimensions of zones for all arena sizes used. Percent area represents the 
percentage of the centre zone as a proportion of the total arena area.   
Arena Total Dimensions 
(mm) 
Area (mm2) Percent Area 
(centre zone) Inner Zone Outer Zone 
Large 44 1520.5 4561.6 33.3% 
Medium 28 615.6 1847.3 33.3% 
Small 18 254.5 763.4 33.3% 
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2.2.4 Statistics 
Phototaxis was measured as a comparison of the percent duration of time spent in the light 
zone compared to dark. Thigmotaxis was measured as a comparison of percent duration of 
time spent in central and outer zones. Swimming behaviours were measured as both mean 
velocity in centimetres per second, and activity as the percentage of time an organism 
spent mobile compared to immobile. Extreme anomalous values generated by loss of 
tracking by the EthoVision®XT software were removed from the data analysis (as defined 
by values > median ±3*IQR) and never represented more than 3% of the total datasets. 
Statistical analysis was performed in IBM SPSS Statistics 24. Linear mixed effects models 
(LMEs) were used for all comparisons. The LME was chosen over other statistical models 
such as generalized linear models (GLMs) because, whilst both are good models for looking 
at main effects, an LME is also capable of handling random effects (Lindstrom & Bates, 
1990). LMEs have also been used successfully in multiple behavioural studies assessing 
anxiety-like behaviours in crustaceans (Wang et al., 2016), and fish (Baiamonte et al., 2016; 
Fontana et al., 2019). For all experiments within this chapter, each amphipod was assigned 
a unique identification (ID) which was used as the random effects in the models. Total 
distance was used as a co-variate for the analysis of thigmotactic and phototactic 
behaviours to correct for animals that did not move during trials (Parker, 2016). The use of 
a co-variate was not necessary for activity analysis on as total distance correlated with 
velocity and percent activity. For experiments assessing diurnal rhythms, tide was used as 
the fixed effects in the LME model, whilst experiments determining the effects of arena 
shape or size on behaviours included light phase (i.e. 2 min light or 2 min dark cycle), light 
intensity (lux), and arena shape/size. Post-hoc Tukey’s pairwise comparisons were applied 
with Bonferroni adjustments to correct for type-II errors. P-values of £ 0.05 were 
considered significant.  
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2.3. Results  
2.3.1 Echinogammarus marinus  
2.3.1.1 Acclimation times and circadian rhythms  
2.3.1.1.1 Experiment 1 
During the first experiment assessing circadian rhythms in E. marinus, the greatest velocity 
was recorded during the first high tide and was significantly greater than all subsequent 
tides (figure 2.12; S-table 1). Changes in activity levels were significantly different between 
tides 1-2 and tides 2-3 (p < 0.001). The mean velocity for E. marinus changed with both the 
tide and the time of day but no further significant differences (p > 0.05) between tides were 
observed after the second day of acclimation. 
 
 
 
Figure 2.12: Mean velocity of E. marinus for each high and low tide (experiment 1). 
Error bars represent 95% confidence. Asterisks indicate significant differences (p £ 
0.05) between tides. 
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2.3.1.1.2 Experiment 2 
For the second experiment assessing circadian rhythms in E. marinus, the greatest mean 
velocity was recorded for the first high tide and was significantly greater than all 
subsequent tides (figure 2.13; S-table2). The change in activity was significantly different 
between tides 1-2 (p < 0.001), 2-3 (p < 0.001), and tides 13-14 (p = 0.016). Mean velocity 
continued to fluctuate with both tide and time of day but no further significant differences 
(p > 0.05) between tides were observed. 
 
 
 
Figure 2.13: Mean velocity of E. marinus for each high and low tide (experiment 2). 
Error bars represent 95% confidence. Asterisks indicate significant differences (p £ 
0.05) between tides. 
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2.3.1.2 Effects of arena Shape  
2.3.1.2.1 Thigmotaxis 
When assessing the effects of arena shape on thigmotaxis behaviours in E. marinus, a 
significant difference was observed between the use of zones (table 2.2) in a square arena 
(figure 2.14), with animals spending 95% of time in a corner or against a wall rather than in 
the centre. No significant differences were observed between 2-minute light or dark phases 
(p = 0.965). However, there was a significant interaction between time bins and zones as a 
result of increased use of corners when the lights were on (p < 0.001; S-table 3). Light 
intensity had no significant effects on zone use (p = 0.344). There was a significant effect of 
the covariate (table 2.2) indicating that total distance travelled could significantly impact 
thigmotaxis results. The significant differences from the LME output were observed taking 
distance travelled into account. 
 
Table 2.2: Output from linear mixed effects model for duration of time E. marinus 
spent in each zone in a square arena. Significant differences are indicated in bold. 
Significance level p £ 0.05.  
Numerator df Denominator df F - value P - value 
intercept 1 1166 929.4 <0.001 
time 3 1062 0.1 0.965 
intensity 3 349 0.3 0.838 
zone 2 349 952.8 <0.001 
time * intensity 9 1038 0.3 0.958 
time * zone 6 1036 13.3 <0.001 
intensity * zone 6 349 1.1 0.344 
time * intensity * zone 18 1036 4.7 <0.001 
total distance 1 1383 6.6 0.010 
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Figure 2.14: (A) Percent duration of time E. marinus spent in central and outer zones 
between light and dark phases. Asterisks represent significant differences between 
zones (p £ 0.05). Error bars represent 95% confidence interval. (B) Heatmap of mean 
zone use for E. marinus in a square arena. Data was calculated by EthoVision®XT 
software as mean duration of time spent in an area for all trials.  
 
 
No significant differences (p = 0.275) were observed in the use of centre space for E. 
marinus between round and square arenas (figure 2.15; table 2.3).  Organisms spent 4% of 
time in the central zones for the duration of the trials. No significant differences were 
observed in the use of central zones over time during light and dark phases (p = 0.335). 
Light intensity had no significant effect on centre space use between shapes (p = 0.418). 
 
 
Table 2.3: Output from linear mixed effects model comparing time E. marinus spent in 
the centre zone between round and square arenas. Significant differences are indicated 
in bold. Significance level p £ 0.05. 
 
Numerator df Denominator df F - value P - value 
intercept 1 669 111.3 <0.001 
shape 1 196 1.2 0.275 
time 3 716 1.1 0.335 
intensity 3 292 0.6 0.607 
shape * time 3 695 2.7 0.047 
shape * intensity 3 292 0.9 0.418 
time * intensity 9 691 1.4 0.196 
shape * time * intensity 9 689 1.6 0.122 
total distance 1 871 0.9 0.348 
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Figure 2.15: Percent duration of time E. marinus spent in the central zone during light 
and dark phases.  Error bars represent 95% confidence interval. 
 
 
2.3.1.2.2 Swimming 
When assessing the effects of arena shape on swimming behaviours of E. marinus, a 
significant difference in mean velocity was observed between both arena shape (p = 0.003) 
and light phase (p < 0.001) (figure 2.16a; table 2.4). Velocity was greater during light phases 
compared to dark (figure 2.16; S-table 4). A significant interaction between shape and time 
was observed as a result of greater mean velocity being reached in a square well during 
light cycles (p < 0.001; S-table 4). Activity was greater in square arenas compared to round 
(p < 0.001) irrespective of light or dark cycles (figure 2.16b). Light intensity had no 
significant effects on velocity or activity (p = 0.506 & p = 0.901 respectively). And no 
significant interactions were observed between light intensity and arena shape between 
light : dark phases for either velocity or activity (p = 0.412 & p = 0.942 respectively).  
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Table 2.4: Output from linear mixed effects model comparing mean velocity and 
percent activity of E. marinus between round and square arenas. N = Numerator, D = 
Denominator. Significant differences are indicated in bold. Significance level p £ 0.05.    
Velocity (cm/s) Activity (%) 
Source N-df D-df F-value P-value D-df F-value P-value 
intercept 1 205 2165.9 <0.001 233 4335.3 <0.001 
shape 1 205 8.9 0.003 233 42.8 <0.001 
time 3 717 83.8 <0.001 699 37.8 <0.001 
intensity 3 345 0.8 0.506 233 0.2 0.901 
shape * time 3 717 14.6 <0.001 699 3.6 0.014 
shape * intensity 3 345 0.6 0.652 233 0.1 0.944 
time * intensity 9 717 5.7 <0.001 699 4.2 <0.001 
shape * time * intensity 9 717 1.0 0.412 699 0.4 0.942 
 
 
 
 
Figure 2.16: (A) Mean velocity and (B) percent activity of E. marinus between round 
and square arenas during light and dark phases. Asterisks represent significant 
differences between arena shape (p £ 0.05). Error bars represent 95% confidence 
interval. 
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2.3.1.3 Effects of arena size  
2.3.1.3.1 Phototaxis 
When evaluating the effects of arena size on the phototaxis behaviours of E. marinus, 
animals showed no significant preference for either side of the arena during light-off 
phases when the entire arena was dark, spending 40-50% of time in the light side (figure 
2.17). During ‘light on’ phases when one half of the arena was lit by a back light and the 
other half remained dark, E. marinus spent significantly less time in the light side of the 
arena during ‘light on’ phases compared to lights off (p < 0.001; table 2.5). There was a 
significant interaction between arena size and time, with E. marinus spending less time in 
the light in large arenas compared to small during 2-minute light phases compared to 2-
minute dark phases (p < 0.001; S-table 6). No significant differences in zone use (p > 0.05) 
were observed during dark phases (S-table 6).  Light intensity had no significant effects on 
zone use (p = 0.357). There was a significant effect of the covariate (table 2.5) indicating 
that total distance travelled could significantly impact phototaxis results. The significant 
differences from the LME output were observed taking distance travelled into account. 
 
Table 2.5: Output from linear mixed effects model comparing duration of time E. 
marinus spent in the light zone between arena shapes. Significant differences are 
highlighted in bold. Significance level p £ 0.05. 
 
Numerator df Denominator df F-value P-value 
intercept 1 591 360.8 <0.001 
plate 1 265 27.6 <0.001 
time 3 765 193.0 <0.001 
intensity 3 247 1.1 0.357 
plate * time 3 760 20.2 <0.001 
plate * intensity 3 247 0.8 0.484 
time * intensity 9 756 2.1 0.026 
plate * time * intensity 9 754 0.3 0.964 
total distance 1 928 19.7 <0.001 
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Figure 2.17: Percent duration of time E. marinus spent in the light side of the arena 
during light and dark phases. Asterisks represent significant differences between arena 
size (p £ 0.05). Error bars represent 95% confidence interval. 
 
 
2.3.2 Gammarus pulex  
2.3.2.1 Effects of arena Shape  
2.3.2.1.1 Thigmotaxis 
When assessing the effects of arena shape on the thigmotaxis behaviours of G. pulex, a 
significant difference was observed in the use of zones (p < 0.001) when in a square arena, 
with animals spending 75% of time in a corner or against a wall and only 25% of time in the 
centre (figure 2.18; table 2.6). No significant differences were observed between the 2-
minute light : dark phases (p = 0.984). However, there was a significant interaction between 
light phase and zone use driven by a decreased use of the centre and an increased use of 
corners during light phases (p < 0.001; S-table 4). Light intensity had no significant effects 
on zone use (p = 0.163). 
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Table 2.6: Output from linear mixed effects model comparing duration of time G. pulex 
spent in each zone of a square arena. Significant differences are indicated in bold. 
Significance level p £ 0.05.  
Numerator df Denominator df F-value P-value 
intercept 1 743 1171.3 <0.001 
zone 2 303 430.4 <0.001 
time 3 1177 0.1 0.984 
intensity 3 486 0.2 0.921 
zone * time 6 1070 20.4 <0.001 
zone * intensity 6 484 1.5 0.163 
time * intensity 9 1072 0.1 1.000 
zone * time * intensity 18 1070 1.8 0.024 
total distance 1 1016 0.7 0.395 
 
 
 
 
 
Figure 2.18: (A) Percent duration of time G. pulex spent in central and outer zones during 
light and dark phases. Asterisks represent significant differences between zones (p £ 
0.05). Error bars represent 95% confidence interval. (B) Heatmap of mean zone use of G. 
pulex for square arena. Data was calculated in EthoVision®XT as mean duration of time 
spent in an area for all trials.  
 
 
 
Use of the centre zone by G. pulex was significantly greater in a square arena compared to 
round (p = < 0.001; table 2.7; figure 2.19). Significant differences were observed with time 
between light and dark phases driven by a greater use of the centre zone during the second 
dark phase (p < 0.001; S-table 4). There was a significant interaction between shape of 
arena and light phase, whereby the difference in the use of centre space between round 
and square arenas approximately doubled (+/- 0.9%) during dark phases compared to light 
(p = 0.002; figure 2.19). Light intensity had a significant effect on the use of centre zones (p 
= 0.023). However, no significant interaction was observed between light intensity and 
82 
 
arena shape (p = 0.731).  There was a significant effect of the covariate (table 2.7) indicating 
that total distance travelled could significantly impact thigmotaxis results. The significant 
differences from the LME output were observed taking distance travelled into account. 
 
Table 2.7: Output from linear mixed effects model comparing duration of time G. pulex 
spent in the centre zone between arena shapes. Significant differences are indicated in 
bold. Significance value p £ 0.05.  
Numerator df Denominator df F-value P-value 
intercept 1 632 359.6 <0.001 
shape 1 213 58.2 <0.001 
time 3 834 18.3 <0.001 
intensity 3 376 3.2 0.023 
shape * time 3 756 4.9 0.002 
shape * intensity 3 377 0.4 0.731 
time * intensity 9 757 1.2 0.278 
shape * time * intensity 9 756 0.7 0.755 
total distance 1 840 34.2 <0.001 
 
 
 
 
Figure 2.19: Percent duration of time G. pulex spent in the centre zone between light 
and dark phases. Asterisks represent significant differences between arena shapes (p £ 
0.05). Error bars represent 95% confidence interval. 
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2.3.2.1.2 Swimming 
When assessing the effects of arena shape on the swimming behaviours of G. pulex, no 
significant differences (p = 0.240; table 2.8) were observed in mean velocity between round 
and square arenas (figure 2.20a). Velocity was significantly greater during light phases 
compared to dark (p < 0.001; S-table 4). There was a significant difference in activity 
between arena shapes (p < 0.001), and with time (p < 0.001) as a result of increased activity 
during light phases compared to dark (figure 2.20b). A significant interaction was observed 
between arena shape and light phase as a result of increased activity in square arenas 
compared to round during 2-minute light phases (p < 0.001; S-table 4). Light intensity had 
no significant effect on the velocity or percent activity of G. pulex between arena shapes (p 
= 0.274 and p = 0.253 respectively). 
 
Table 2.8: Output from linear mixed effects model comparing mean velocity and 
percent activity of G. pulex between arena shapes. N = Numerator, D = Denominator. 
Significant differences are indicated in bold. Significance level p £ 0.05. 
 
 Velocity (cm/s) Activity (%) 
 N-df D-df F-value P-value D-df F-value P-value 
intercept 1 224 1826.9 <0.001 252 2712.6 <0.001 
shape 1 224 1.4 0.240 252 16.6 <0.001 
time 3 776 317.0 <0.001 756 341.2 <0.001 
intensity 3 573 0.3 0.848 252 0.2 0.905 
shape * time 3 776 0.8 0.504 756 18.5 <0.001 
shape * intensity 3 573 1.3 0.274 252 1.4 0.253 
time * intensity 9 776 2.6 0.005 756 3.3 0.001 
shape * time * intensity 9 776 1.2 0.313 756 1.8 0.065 
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Figure 2.20: (A) Mean velocity and (B) percent activity of G. pulex in round and square 
arenas during light and dark phases. Asterisks represent significant differences between 
arena shape (p £ 0.05). Error bars represent 95% confidence interval. 
 
2.3.2.2 Effects of arena Size  
2.3.2.2.1 Phototaxis 
For the assessment on effects of arena size on the phototaxis behaviours of G. pulex, no 
significant preference for either side of the arena was observed during light off phases 
(table 2.9), with animals spending 45-55% of time in the light side (figure 2.21). During ‘light 
on’ phases, G. pulex spent a significantly (p < 0.001) smaller proportion of their time in the 
light zone compared to the dark (figure 2.21). Both arena size and light intensity had no 
significant effects on preference for light or dark zones (p = 0.614 and p = 0.105 
respectively). There was a significant effect of the covariate (table 2.9) indicating that total 
distance travelled could significantly impact phototaxis results. The significant differences 
from the LME output were observed taking distance travelled into account. 
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Table 2.9: Output from linear mixed effects model comparing duration in the light of G. 
pulex between arena sizes. Significant differences are indicated in bold. Significance 
level p £ 0.05. 
 
Numerator df Denominator df F-value P-value 
intercept 1 461 355.3 <0.001 
plate 1 272 0.3 0.614 
time 3 780 51.7 <0.001 
intensity 3 226 2.1 0.105 
plate * time 3 715 1.3 0.282 
plate * intensity 3 225 0.6 0.600 
time * intensity 9 710 0.5 0.905 
plate * time * intensity 9 709 0.8 0.585 
total distance 1 534 18.4 <0.001 
 
 
 
 
 
 
 
Figure 2.21: Percent duration of time spent G. pulex spent in the light side of the arena 
during light and dark phases between large and small arenas. Error bars represent 95% 
confidence interval. 
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2.3.2.2.2 Thigmotaxis 
When assessing impacts of arena size on thigmotactic behaviours in G. pulex, a significantly 
greater proportion of time was spent in the centre zone in a large arena compared to 
medium and small (p < 0.001; S-table 5; figure 2.22). Time had a significant effect on 
duration in the centre between 2-minute light : dark phases (p < 0.001), and a significant 
interaction between arena size and light phase was observed as a result of increased time 
spent in the centre zone after the first dark cycle (p < 0.001; table 2.10; S-table 5). Light 
intensity had no significant effect on use of centre zones between arena sizes (p = 0.806). 
There was a significant effect of the covariate (table 2.10) indicating that total distance 
travelled could significantly impact thigmotaxis results. The significant differences from the 
LME output were observed taking distance travelled into account. 
 
 
Table 2.10: Output from linear mixed effects model comparing duration of time G. pulex 
spent in the light zone between small, medium and large arenas. Significant differences 
are indicated in bold. Significance level p £ 0.05. 
 
Numerator df Denominator df F-value P-value 
intercept 1 1129 372.1 <0.001 
size 2 405 104.3 <0.001 
time 3 1302 16.5 <0.001 
intensity 3 364 1.0 0.412 
size * time 6 1160 7.2 <0.001 
size * intensity 6 364 0.5 0.806 
time * intensity 9 1154 1.2 0.310 
size * time * intensity 18 1154 1.5 0.093 
total distance 1 1402 57.3 <0.001 
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Figure 2.22: (A) Percentage of time G. pulex spent in the central zone between arena 
sizes during light and dark cycles. Asterisks represent significant differences between 
arena size (p £ 0.05). Error bars represent 95% confidence interval. (B) Heatmap of 
mean zone use for (i) large, (ii) medium and (iii) small arenas. Data was calculated in 
EthoVision®XT as the mean duration of time spent in an area for all trials. 
 
2.3.2.2.3 Swimming 
When assessing the effects of arena size on the velocity behaviour of G. pulex, a significant 
difference (table 2.11) was observed between arena sizes with animals reaching a greater 
mean velocity in a large arena compared to medium and small (p < 0.001; S-Table 5; figure 
2.23a). Mean velocity was significantly greater during light phases compared to dark (p < 
0.001; S-table 5). There was a significant interaction between arena size and 2-minute light 
: dark phases, driven by a greater difference in velocity between arena sizes during light 
phases compared to dark (p < 0.001). Percent activity was significantly different between 
arena sizes as a result of greater activity levels in large arenas compared to medium or 
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small (p < 0.001; S-Table5; figure 2.23b). Activity was significantly greater during light 
phases compared to dark (p < 0.001; S-table 5).  
 
Table 2.11: Output from linear mixed effects model comparing mean velocity and 
percent activity of G. pulex between arena sizes. Significant differences are indicated in 
bold. Significance level p £ 0.05. 
  Velocity (cm/s) Activity (%) 
 N-df D-df F-value P-value D-df F-value P-value 
intercept 1 414 4206.1 <0.001 413 9929.7 <0.001 
size 2 414 109.2 <0.001 413 21.9 <0.001 
time 3 1242 575.9 <0.001 1239 431.0 <0.001 
intensity 3 414 1.9 0.129 413 3.6 0.013 
size * time 6 1242 13.7 <0.001 1239 14.5 <0.001 
size * intensity 6 414 2.3 0.037 413 1.5 0.174 
time * intensity 9 1242 1.3 0.239 1239 1.1 0.356 
size * time * intensity 18 1242 1.5 0.090 1239 1.0 0.444 
 
 
 
 
Figure 2.23: (A) Mean velocity and (B) percent activity of G. pulex during dark and light 
cycles between arena sizes. Asterisks represent significant differences between arena 
size (p £ 0.05). Error bars represent 95% confidence interval.  
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2.4. Discussion  
In the present study, two species of amphipod, one marine and one freshwater were 
observed in a range of arenas with variations in shape and/or size. Changes in four 
endpoints were measured including phototaxis, spatial distribution (thigmotaxis), 
swimming velocity and level of activity. Preliminary studies to determine the optimal 
acclimation time for these organisms were also performed. It has been demonstrated that 
alterations in experimental design, including organism age, rearing conditions and arena 
size can effect multiple behavioural parameters including activity and thigmotaxis (Cole, 
1977; Fraser et al., 2017). Furthermore, behavioural changes as a result of alterations in 
methodology can significantly influence the minimum effect concentrations of compounds 
in toxicity testing (Fraser et al., 2017). The effects of differing arena shapes and sizes on 
amphipod behaviours, and the implications for ecotoxicological study, are henceforth 
discussed.  
 
2.4.1 Echinogammarus marinus  
2.4.1.1 Acclimation times and circadian rhythms  
Results of experiments 1 and 2 were consistent for the first 4 days. E. marinus showed a 
general reduction in the difference of activity between tides, with significant differences 
only observed with the first three tides. In experiment 2 a significant difference in activity 
was also observed between tides 13 and 14. This could be the result of diurnal rhythm 
retension. Amphipods have been reported to exhibit circadian and circatidal rhythms 
(Rossano et al., 2008), with variations depending on habitat. For example, species living in 
the intertidal zone exhibit both circatidal and circadian rhythms, so that they are active only 
during nocturnal tides (Fincham, 1970; Preece, 1971). A study by Goldstein, et al. (2015) 
reported that slipper lobsters are capable of retaining circadian rhythms in the form of 
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changes in activity for up to 16 days in a 24hr dark photoperipod following an acclimation 
to a 12:12hr light : dark cycle for 9 days. Persistent circadian and circatidal rhythms in 
activity have also been reported in other decapod species (Chandrashekaran, 1965; Nagata 
& Koike, 1997). However, it is worth noting that in experiment 2, organisms were 
inadvertently left out on the laboratory bench after tide 13 trials rather than returned to 
the incubator at 10±1
o
C. Organisms were left on the bench between hours 17:07 - 00:17, 
during these 7hours and 10mins water temperature would likely have increased to room 
temperature. It has been observed that E. marinus when left in the lab at room 
temperature shows a general increase in activity in correlation with duration of time spent 
out of the incubator (Ford et al. unpublished communications). Increased activity with 
increasing temperatures has also been documented in other amphipod species 
(Pienkowski, 1983), decapod shrimp (Taylor & Collie, 2003), crabs (Wu et al., 2017), lobsters 
(Wang et al., 2016) and fish (Hurst & Duffy, 2005). 
 
The majority of the most prescribed antidepressants have a half-life of up to 4 days, 
and the 99% out of body in humans at the therapeutic dose is 6.5days (Glenmullen, 2006). 
In G. pulex a range of pharmaceuticals, including four psychotropic compounds, were found 
to have high bioconcentration factors (BCFs) ranging between 4.6 - 185,900, after 2-3 days 
of exposure (Meredith-Williams et al., 2012). Depuration rates were dependent on the 
compound, however none of the internal concentrations in G. pulex had returned to pre-
exposure concentrations after 3 days of depuration. It was decided, on the basis of both 
the diurnal rhythm experiments and the half-life data for psychotropic compounds, that a 
minimum acclimation period of 1 week would be sufficient for both amphipod species and 
was therefore used for all further experiments.    
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2.4.1.2 Effects of arena Shape 
2.4.1.2.1 Thigmotaxis  
In this study, the marine amphipod (E. marinus) showed a strong thigmotactic response 
spending very little time in the central zones of both round and square arenas (4%) for the 
duration of trials. Square arenas resulted in a greater proportion of time being spent in 
corner zones compared to walls, but ultimately this did not have any significant effects on 
the thigmotactic response between arena shapes, as no difference was observed in the use 
of centre zones between round and square arenas. Failure of E. marinus to use the centre 
zone for the duration of the eight-minute trial makes differences in thigmotaxis between 
arena shapes difficult to determine in this species due to ceiling effects. The impact of floor 
and ceiling effects have been outlined as a limiting factor for the interpretation of some 
behavioural assays  (Bouwknecht & Paylor, 2008). If the baseline behaviour of E. marinus 
in a laboratory assay is to always be in association with an edge, i.e. no/limited exploratory 
behaviour, then differences in arena shape are not likely to alter their thigmotactic 
response. Alternatively, if the duration of the trial was not sufficient for significant 
differences in thigmotactic behaviour to be observed, differences between arena shapes 
could not be elucidated. Current behavioural paradigms to assess exploratory behaviours, 
including thigmotaxis, typically rely on novelty of the test arena, and so the behaviours of 
individuals are usually recorded for relatively short time periods. Recording for between 5-
6 minutes in novel tank diving tests with fish (Cachat et al., 2010, 2011; Stewart et al., 2011) 
and 3-5 minutes in open field tests with mice (Walsh & Cummins, 1976) have been found 
sufficient to observe significant differences in  behaviour. A study by Rosemberg et al. 
(2011) recorded individuals of zebrafish in a novel tank test for 15 minutes. However, 
significant differences in exploratory behaviour were only observed in the first 3 minutes 
of the trial and no further changes were observed after 6 minutes. Simon et al. (1994) 
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tested mice in an open field for 30 minutes. Significant differences in thigmotaxis and 
locomotion were observed after the first 5 minutes and no further significant differences 
were observed after 15 minutes. While the trial duration in this study was in accordance 
with other novelty based assays, our results do not confirm whether the trial duration in 
this study is sufficient for E. marinus. Melvin et al. (2017) assessed the effects of acclimation 
time to a test arena on a range of swimming behaviours in mosquito fish and concluded 
that a longer acclimation may be required to ensure that ‘normal’ baseline behaviours are 
being observed. It was also demonstrated that a longer acclimation time improved 
statistical power of the behavioural assay. Both of these factors can impact the 
environmental relevance, robustness and validity of behavioural assays, and represents an 
area for further work in developing the behavioural assays outlined in this chapter. 
 
2.4.1.2.2 Swimming 
It was speculated that the overall activity of E. marinus would be greater in a round arena 
compared to a square, as the presence of corners would provide a refuge area which was 
not present in a round arena. However, despite the proportionally greater amounts of time 
spent in a corner zone compared to the walls of the square arena, the inverse was found 
with regards to activity, and a significantly greater percent activity was also observed in 
square arenas compared to round. Similar results were found in a study by Grabovskaya & 
Salyha (2014) whereby the effects of arena shape on multiple behavioural parameters in 
rats were assessed in an open field and no significant differences were reported for 
thigmotaxis and activity between round and square arenas. In the same study, rats showed 
a trend towards a greater duration of freezing episodes in the square arenas, with episodes 
of freezing demonstrated in corners rather than in the centre or near walls, but this trend 
did not reach a level of significance (Grabovskaya & Salyha, 2014).  
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2.4.1.3 Effects of arena size 
2.4.1.3.1 Phototaxis  
E. marinus exhibited a photophobic response when exposed to light. A significantly greater 
proportion of time was spent in the dark side of a light : dark choice arena and this 
preference was repeated over two separate light cycles. During ‘light off’ phases, the entire 
arena was dark, and E. marinus used both sides of the arena equally. This suggests that the 
animals aversion to the light side of the arena during ‘light on’ phases is a result of negative 
phototaxis rather than a preference for one side of the arena over another. Historically, it 
has been documented that aquatic amphipods exhibit negative phototaxis (Brundin, 1913). 
It has also been demonstrated that E. marinus show a preference for dark environments 
under laboratory conditions, when placed in a light/dark chamber (Guler & Ford, 2010). 
The results from this study support these previous findings.  When comparing arena size, 
more time was spent in the light zone during ‘light on’ phases in a small arena compared 
to large and no significant differences in zone use was observed between arena sizes during 
‘light off’ phases. The author hypothesises that the increased use of the light zone during 
‘light on’ phases in the small arena compared to large is due to the larger size of E. marinus. 
It is thought that while the arenas would have been large enough for organisms to choose 
between light or dark zones without being in two zones at once, the width of each chamber 
was narrower which may limit the animal’s ability to turn. Freezing or death feigning have 
been reported in terrestrial amphipods (Holmes, 1901), and field observations suggest that 
E. marinus exhibit freezing behaviours when exposed from their sheltered positions under 
rocks and algae. This is considered an adaptive response to avoid predation by birds who 
hunt by eye (Dierschke et al., 1999; Mouritsen, 1994; Pienkowski, 1983). It is possible that 
by being unable to quickly turn and seek the shelter of the dark zone in smaller arenas, E. 
marinus instead freeze in the light side of the arena during ‘light on’ phases. 
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2.4.2 Gammarus pulex  
2.4.2.1 Effects of arena Shape 
2.4.2.1.1 Thigmotaxis  
In this study, the freshwater amphipod (G. pulex) was also found to exhibit thigmotactic 
behaviour, showing a significant preference for the periphery over central zones. 
Thigmotactic behaviour in G. pulex was not as strong as in E. marinus, with G. pulex 
spending 20% of time in the centre zone compared to 3% in E. marinus. Furthermore, the 
preferential use of corner space was not observed in G. pulex as with E. marinus. Instead, 
G. pulex spent a significantly greater amount of time against a wall compared to corners. 
This, however, is thought to be a result of the proportionally larger size of wall zones 
compared to corners, rather than a preference for walls over corners. Corner zones made 
up 28% of the total periphery, with walls making up 72%. Of the total duration that G. pulex 
spent in the periphery of the square arena, 34% of this was spent in a corner, and 66% was 
spent against a wall, making time spent in corners and walls almost directly proportional 
to their area. Arena shape had an effect on thigmotactic behaviour in G. pulex with 
significantly more time spent in the centre zone of a square arena compared to round. It 
was expected that the presence of corners as a refuge area in square arenas would result 
in a reduction in the use of central zones compared to a round arena. However, the inverse 
was found in that the use of centre zones was greater in a square arena, with no significant 
preference observed for corner zones. These results suggest that the increased use of the 
central zone in square arenas may simply be due to its proportionally greater area than the 
centre zone of round arenas. Light : dark phases had an effect on thigmotactic response in 
G. pulex in a square arena with less time spent in the centre zones during light phases 
compared to dark. The effect of light disturbance in initiating a greater thigmotactic 
response in G. pulex provides evidence that this behavioural endpoint could have 
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applications in ecotoxicological study with this species. The same response was found in 
zebrafish larvae whereby thigmotaxis was triggered by a sudden change in illumination 
(Schnörr et al., 2012). In the same study, thigmotaxis was significantly attenuated by an 
anxiolytic and enhanced by an anxiogenic drug. No significant differences were observed 
in activity of G. pulex between round and square arenas during dark phases of the 
experiment, and activity was greater in square compared to round arenas during light 
phases, supporting G. pulex not pausing to use corner zones as refuge areas.  
 
2.4.2.1.2 Swimming 
G. pulex showed a significant increase in velocity during light cycles compared to dark. 
Amphipods have been shown to increase velocity when exposed to a light disturbance 
(Bossus et al., 2014) and exhibit negative phototaxis (Guler & Ford, 2010). Both of these 
studies report the effects of  exposure to anxiolytics on velocity and phototaxis, suggesting 
this endpoint to be a useful measure in ecotoxicology studies, particularly as these 
behaviours are considered an adaptive response to avoid predation (Bakker et al., 1997; 
Bauer et al., 2005; Bethel & Holmes, 1973) providing a link to ecological effects of 
behaviour. No differences were observed between square and round arenas for velocity 
during light phases for both amphipod species. No differences in velocity were observed 
between arena shapes during dark phases for G. pulex. Comparatively, E. marinus exhibited 
a greater mean velocity in square arenas compared to round during dark phases. This may 
be a result of size differences between G. pulex and E. marinus. Increasing arena size 
resulted in increased velocity in G. pulex, however, these organisms would eventually reach 
a point of maximum velocity whereby any further increase in arena size would have no 
effect on swimming speed. This may be the case for G. pulex in this study as it is a 
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comparatively smaller species than E. marinus. The square arena had a greater area than 
the round arena which may have allowed E. marinus to reach a greater mean velocity. 
  
2.4.2.2 Effects of arena Size  
2.4.2.2.1 Phototaxis  
As with E. marinus, G. pulex also exhibited negative phototaxis in that individuals used both 
sides of the arena equally during ‘light off’ phases and spent a significantly greater 
proportion of time in the dark side of the arena during ‘light on’ phases. This was to be 
expected and is in accordance with previous studies on aquatic amphipods which also 
reported photophobic behaviours (Brundin, 1913; Guler & Ford, 2010). In their natural 
habitat, G. pulex live in association with the benthos hiding beneath stones and leaf litter 
(Cezilly et al. 2000). Exhibiting strong photophobic behaviours would facilitate the 
organism’s ability to remain hidden and has been linked to reduced predation in laboratory 
experiments. In a study by Perrot-Minnot et al. (2017), amphipods (Gammarus fossarum) 
that were stressed with a noxious stimuli spent more time in a dark refuge area than their 
unstressed counterparts, which correlated to reduced predation from goldfish (Carassius 
auratus). Arena size had no significant effects on the phototaxis behaviours of G. pulex. It 
has been mentioned in section 2.4.1.3.1 that the significant impacts of arenas size on 
phototaxis behaviours in E. marinus was due to their larger size in relation to the area. It is 
thought that the narrower width of the smaller arena could have hindered their ability to 
turn and swim towards the light or dark zones. As G. pulex are approximately half the size 
of E. marinus, they would not encounter this problem and would be able to manoeuvre 
more freely. This data supports the growing evidence that arena size in relation to the size 
of your test species is important. In the trade-off between high-throughput screening and 
allowing space to behave, the smaller 4-well plate in this study was sufficient for G. pulex 
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as it appears that their swimming ability was not hindered by the smaller arena. 
Additionally, the larger arena had no impact on the organisms preference for dark areas.      
 
2.4.2.2.2 Thigmotaxis  
Arena size had significant effects on thigmotaxis in G. pulex with smaller arenas resulting in 
more time spent against an edge. This is opposite to what was expected based on similar 
studies on other taxa. For example, spatial distribution and activity under a range of arena 
sizes has been assessed in voles in an open field test (Eilam, 2003). It was found that these 
animals showed a preference for peripheral areas and greater avoidance of the centre zone 
with increasing arena size. It was hypothesised that the voles derived comfort or feelings 
of security when in association with a wall, which has been found in other rodents such as 
rats (Robins, 1977), and that larger arenas presented a greater area of unknown territory 
and so animals increased wall-hugging behaviours. Similar results have been observes in 
the foraging behaviours of cockroaches, with the use of refuge areas increasing with 
increased arena size (Le Patourel, 1998). It was thought that The opposing results in our 
study, compared to that reported in the literature, would suggest that the increased use of 
outer areas in smaller arenas is more likely due to increased probability of hitting an edge 
in a smaller arena whilst swimming rather than a preference for edges in smaller arenas. 
However, the previous studies in the literature assessing impacts of arena size on 
thigmotactic behaviours have been limited to a terrestrial mammal and insect. It is possible 
that aquatic organisms perceive their environment differently as they have access to an 
additional vertical dimension. In these studies, the vertical swimming of G. pulex was 
limited. This would mean that amphipods would be able to swim in close contact to the 
floor of the arena. It is possible that our organisms would have derived the same comfort 
as the use of an arena edge, and they could from the floor. When assessing anxiety 
behaviours in fish, a novel tank diving test measures time spent in the bottom half of a tank 
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compared to the top (Parker, 2016), but the impacts of tank side on these tank diving 
behaviours are yet to be assessed. Future work could investigate these impacts of tank size 
on both aquatic vertebrates and invertebrates to see how this impacts their vertical 
swimming.  
 
2.4.2.2.3 Swimming 
The mean velocity and percentage time G. pulex spent active were also dependent on the 
size of round arenas, with greater arenas evoking greater swimming speeds and time spent 
active. This is consistent with studies across other taxa including the fruit fly (Drosophila 
melanogaster) (Liu et al., 2007); rats (Montgomery, 1951); and gerbils (Oldham & Morlock, 
1970). In all cases activity increased in an open field with increasing arena size and has been 
attributed to an increase in exploratory behaviour with increasing space to explore. It is 
assumed that there will reach a point whereby animals cannot swim any faster regardless 
of further increase in arena size. However, this is yet to be assessed in any of the previous 
work in the literature. To elucidate this for G. pulex, further experiments would need to be 
carried out in larger arenas until no significant differences in swimming speeds or activity 
are observed. It would also be useful to perform these same experiments for E. marinus to 
determine whether the maximum arena size whereby no change in swimming is observed 
correlates with their relative body sizes.  
 
2.4.2.3 Effects of light intensity  
Light intensity did not have any significant effects on any of the behavioural parameters 
measured. With regards to phototaxis, these results are supported by studies done by 
Holmes (1901) and Brundin (1913). These studies measured a number of factors and their 
effects on phototaxis in multiple amphipod species. It was reported, amongst other things, 
that placing the terrestrial amphipod Orchestia agilis in sea water caused an immediate 
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switch from positive to negative phototaxis. Negative phototaxis in water was independent 
on light intensity, exhibiting strongly negative phototactic behaviour when exposed to both 
direct sunlight and indirect weak light. 
 
2.5. Conclusions 
This chapter provides evidence that amphipods exhibit a range of measurable behaviours 
which are typically associated with anxiety in pharmacological studies. Arena shape can 
have an effect on thigmotaxis, velocity and activity in amphipods, however it is unclear 
from the results of this study as to whether the differences observed were due to the 
presence of corners in square wells or a result of the relatively larger area of a square well 
compared to round providing more ‘space to behave’.  
 
Arena size had a direct effect on thigmotaxis and swimming behaviours in G. pulex 
with greater arena size resulting in more time spent in the central zones, a greater mean 
velocity, and an increase in overall activity. This has implications for the development of 
assays for high-throughput assessment by which behaviours may be lost if the organism is 
not provided with enough ‘space to behave’. In this instance, researchers may interpret 
negative findings as insignificant effects of chemical exposure when in fact an inappropriate 
arena may be limiting or inhibiting behaviours. No significant effects of arena size were 
found on the phototactic behaviours of G. pulex however, phototaxis in E. marinus was 
affected by arena size with organisms spending more time in the light in a smaller arena. 
This is unlikely to be a result of changes in activity as the inverse was found with activity 
decreasing with arena size and is more likely attributed to the smaller arenas not providing 
enough space to behave in the larger amphipod species. E. marinus were observed to 
exhibit changes in activity over time when kept in constant conditions in the lab suggesting 
that these organisms possess some diurnal rhythms which can be retained in a laboratory 
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without external stimuli. These were however lost over the course of 2-3 days suggesting 
that a minimum of 3 days is a sufficient acclimation time prior to behavioural experiments 
in this species, particularly when using activity levels as an endpoint.   
 
This study has highlighted multiple behaviours with amphipods that show potential 
for use in behavioural ecotoxicology. Both amphipods engaged in thigmotaxis via a strong 
association with outer zones during behavioural trials, further work would require 
validation with psychotropic compounds to determine if the thigmotactic behaviour in this 
species is associated with anxiety behaviours, or as a result of edge effects. Both species 
also exhibited negative phototaxis. Parameters that can have an effect on the baseline 
behaviours of organisms, including arena shape and size, were investigated in this study. 
Results varied depending on species, however, the presence of corners did not have an 
effect on exploratory behaviours. For the sake of standardisation, the author would 
recommend a circular well due to ease of data analysis as it removes the need for an 
additional corner zone. Well size had an effect on thigmotaxis and swimming behaviours in 
G. pulex which is thought to be a result of increased area generating a greater ‘space to 
behave’. E. marinus was too large to analyse thigmotaxis and activity in multi-well plates as 
the smaller arena put individuals in both inner and outer zones at the same time. No 
significant effects on arena size were found for phototaxis behaviours in G. pulex but did 
influence the phototactic behaviours of E. marinus. Further work would be required for 
both species to determine the size at which increasing the area has no effect on the 
behaviours measured. It is also suggested that future work  includes the optimisation of 
other factors that may impact anxiety-like behaviours in novelty tests including pre-test 
animal housing (Blaser & Rosemberg, 2012; Parker et al., 2012), effects of habituation 
(Maximino et al., 2010), length of acclimation, and duration of light : dark phases.  
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Chapter 3 
Inter-species variation in the baseline 
unconditioned behaviours of a marine 
and freshwater amphipod 
 
Published in part as: Kohler et al., (2018), Species-specific behaviours in amphipods 
highlight the need for understanding baseline behaviours in ecotoxicology, Aquatic 
Toxicology, 202, pp:173-180 
(See Appendix 2) 
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3.1. Introduction 
The behavioural assessment of unconditioned behaviours such as anxiety relies on 
species-typical, stereotyped responses. For example, some organisms show a natural 
preference for dark environments when placed in a light/dark choice chamber (Blaser & 
Rosemberg, 2012). This preference for dark environments has been termed phototaxis or 
scototaxis and has been used to assess the effects of neuro-modulating agents on fish 
(Baiamonte et al., 2016; Holcombe et al., 2013; Maximino et al., 2010a, 2010b, 2011) and 
crustaceans (Fossat et al., 2014; Guler & Ford, 2010; Hamilton et al., 2016).  Thigmotaxis or 
‘wall hugging’ behaviours are conserved across many species. When placed in a novel 
environment the organism will stay close to walls or corners. Thigmotaxis has been 
demonstrated in rodents (Simon et al., 1994; Treit & Fundytus, 1988), zebra fish 
(Baiamonte et al., 2016; Richendrfer et al., 2012; Schnörr et al., 2012) and crayfish (Tierney 
et al., 2016) as an anxiety-like behaviour used for the assessment of anxiolytic and 
anxiogenic compounds.  
 
In ecotoxicology, behavioural studies have demonstrated differential inter-species 
sensitivity to contaminants in activity (Gerhardt et al., 2002), response to predators 
(Gutierrez et al., 2012), aggression (Tierney et al., 2004), and avoidance (Ward et al., 2013) 
behaviours. However, inter-species variability in the baseline unconditioned behaviours of 
model organisms is currently understudied. This may have implications for the 
interpretation of ecotoxicology results if species exhibit different sensitivities to 
behavioural assays. Fisheries research has demonstrated that behavioural responses to 
light are species specific and that inter-species variation in phototaxis behaviour can be 
used to reduce bycatch of undesired species (Hannah et al., 2015; Marchesan et al., 2005) 
however, the sensitivity to light between species was not measured. Phototaxis has been 
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documented in terrestrial amphipods with differences noted between species (Brundin, 
1913; Holmes, 1901), however, the differences in light response were not quantified and 
experiments were performed on terrestrial species only. To date, and as far as the author 
is aware, inter-species variation in the thigmotactic behaviours of aquatic invertebrates 
remains unexplored.   
 
In chapter two of this thesis we demonstrated that two species of amphipod exhibit 
both negative phototaxis and positive thigmotaxis. Anxiety-like behaviours and swimming 
parameters were successfully measured using behavioural hardware and software. A 
light/dark choice chamber has previously been used with the marine amphipod 
Echinogammarus marinus to assess phototactic behaviours (Guler & Ford, 2010), and 
swimming velocity has been demonstrated as a sensitive endpoint in this species for 
assessing the effects of antidepressant compounds (Bossus et al., 2014). The freshwater 
amphipod Gammarus pulex has been used in numerous behavioural studies to assess the 
effects of environmental pollution in freshwater systems (Alonso et al., 2009; De Castro-
Català et al., 2017; De Lange et al., 2006a, 2006b, 2009; Felten et al., 2008; Gerhardt, 1995; 
Gerhardt et al., 1998; Lauridsen & Friberg, 2005; Nyman et al., 2013; Vellinger et al., 2012; 
Watts et al., 2001).   
 
 
 
 
 
 
104 
 
In this chapter the phototactic and thigmotactic behaviours, as well as swimming 
velocity and photosensitivity, are compared between a marine and freshwater amphipod 
(E. marinus and G. pulex respectively). We hypothesise that while both species are 
seemingly similar, they may have differing sensitivities to behavioural assays due to 
differences in both life histories and habitat. The implications of inter-species variation in 
baseline unconditioned behaviours with regards to ecotoxicology testing are discussed.   
   
3.2. Materials and methods 
3.2.1 Specimen collection and husbandry  
3.2.1.1 Echinogammarus marinus   
E. marinus were collected from Langstone Harbour, Portsmouth, UK (50o47’22.8”N, 
1
o
02’35.9”W) at the same site and using the same methods as described in chapter 2 
section 2.2.2.1. Specimens were then transported to the Institute of Marine Sciences, 
Portsmouth, UK and acclimated for one week in filtered seawater from Langstone Harbour 
at 10±1
o
C under a 24-hour dark photoperiod. Specimens were provided with the algae F. 
vesiculosis or A. nodosum collected from the sample site as both a natural food source and 
substrate, a water change was performed every three days. 
 
3.2.1.2 Gammarus pulex   
G. pulex were collected from the River Ems, Emsworth, UK; (50o51’40.5”N, 0o55’42.5”W) 
as described in Chapter 2 section 2.2.3.1. Organisms were transported to the Institute of 
Marine Sciences, Portsmouth, UK and allowed to acclimate to laboratory conditions for one 
week in Ems river water at 10±1
o
C under a 24-hour dark photoperiod for consistency with 
E. marinus experiments. Leaf litter collected from the sample site acted as a natural 
substrate and food source.  
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3.2.2 Analysis of behaviour  
Prior to acclimation, specimens were separated by sex and checked under a backlight for 
internal parasites that can manipulate amphipod behaviour. Adult males were used in all 
assays for both species. The methods by which male E. marinus and G. pulex were selected 
and screened for parasites is described in detail in chapter 2 sections 2.2.2.1 and 2.2.3.1 
respectively. Following acclimation, the behaviours of both E. marinus and G. pulex were 
analysed using a DanioVision™
 
observation chamber connected to EthoVision®XT 11.5 
video tracking software (TrackSys, Nottingham, UK). A detailed description of the 
hardware, software and the detection settings used can be found in Chapter 2 section 2.2.1. 
 
The experimental set up is outlined in figure 3.1. Organisms were transferred from 
holding tanks, via a plastic spoon to reduce handling stress, and placed in a behavioural 
chamber containing tank water to a depth of 15mm. The water depth allowed for free 
horizontal swimming but limited vertical swimming. The chamber was then placed in the 
DanioVision™
 
with the infra-red camera mounted directly above and the cold white light 
plate below. The camera was linked to a PC with EthoVision®XT 11.5 tracking software. A 
total of 480 animals were analysed in the tracking system. For E. marinus 240 replicates 
were performed with 120 animals per behavioural chamber (i.e. light/dark chamber and 
thigmotaxis/velocity chamber) under a range of white-light intensities 100%, 50%, 20% and 
5% (4000, 2000, 800 & 200 lux respectively) with 30 individuals used per light intensity. A 
further 240 replicates were performed for G. pulex with 120 animals per behavioural 
chamber, under the same light intensity range as E. marinus  
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Figure 3.1: Schematic of experimental design showing position of (A) infra-red camera, (B) 
PC with EthoVision®XT video tracking software, (C) behavioural chamber containing either 
E. marinus or G. pulex with water from their respective holding tanks, (D) cold white light 
plate.  
 
 
3.2.2.1 Phototaxis 
The amphipods’ preference for light or dark environments was assessed using a novel arena 
comprised of a rectangular 90ml (128 x 86mm) ‘Nunc’ omniplate (sourced from 
ThermoFisher Scientific) placed over a specially designed strip of acrylic creating a light and 
dark zone in the well (figure 3.2a). The plate consisted of a clear acrylic through both which 
white and infra-red light can pass, and a black acrylic that allows only infra-red light to pass. 
Light and dark zones were marked in EthoVision®XT, and an exclusion zone was added to 
prevent organisms being in two zones at one time (figure 3.2b). A single organism was 
transferred into the arena and placed in the observation chamber; animal movements were 
recorded for 8 minutes under a 2-minute dark:2-minute light cycle. During the 2-minute 
dark cycle the entire arena was dark. In the 2-minute light cycle, the half of the arena with 
the clear acrylic was lit whilst the half with the black acrylic remained dark.  
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Figure 3.2: (A) Light/Dark chamber loaded in the DanioVision™ observation chamber. (B) 
Dimensions of light, dark and exclusion zones.    
 
3.2.2.2 Thigmotaxis  
Thigmotactic behaviours were measured using a petri dish in the DanioVision™ (figure 
3.3a). The method for measuring thigmotaxis in a 2D arena was adapted from Schnörr et al 
(2012) with larval zebrafish.  Briefly, a central and outer zone were measured for the 
behavioural chamber in the EthoVision®XT software. The dimensions of central and outer 
zones are outlined in figure 3.3b. The outer zone was 22mm wide and was determined by 
the size of the larger species, E. marinus, which can reach a length of up to 25mm, thus 
reducing the probability of organisms being in both zones in any one time. Thigmotaxis was 
then measured as the percentage of time spent in the centre of the arena compared to the 
periphery i.e. ‘wall hugging’. The same 8-minute light : dark cycle and range of light 
intensities were used as with the phototaxis experiments. In this instance, the white light 
cycle was to act as a disturbance to initiate a thigmotactic response.  
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Figure 3.3: (A) Petri dish loaded into the DanioVision™ observation chamber. (B) 
Dimensions of central and outer zones.  
 
 
3.2.2.3 Velocity 
Velocity was measured simultaneously alongside thigmotaxis as described above.  The 
white light cycle was used at a range of intensities to assess photosensitivity as well as to 
initiate changes in swimming behaviour.  
 
3.2.3 Statistics 
Statistical analysis for phototaxis, thigmotaxis and velocity was performed using the same 
methods as described in chapter 2 section 2.2.4. Briefly, LMEs were used for all 
comparisons in IBM SPSS Statistics 24. Data was analysed in both 2-minute and 10-second 
time bins. Time, light intensity and species represented the fixed effects and each animal 
was labelled with a unique ID which was used as the random effects in the model. Total 
distance was used as a co-variate for the analysis of thigmotactic and phototactic 
behaviours to correct for animals that did not move during trials (Parker, 2016). Extreme 
anomalous values generated by the loss of tracking by the EthoVision®XT software were 
excluded from the data analysis (as defined by values > median ±3*IQR) and never removed 
more than 3% of data points. Tukey’s pairwise comparisons were used for Post Hoc analysis 
with Bonferroni adjustments to correct for type-II errors. P-values of £ 0.05 were 
considered significant.  
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3.3. Results 
3.3.1 Phototaxis  
Both G. pulex and E. marinus displayed significantly different behaviours during the 
phototaxis experiments (figure 3.4) (F (1, 266.7) = 52.74,  p < 0.001; F (1, 249.6) = 50.71,  p 
< 0.001). E. marinus spent considerably more time (~90%) in the dark side of the choice 
chamber compared to G. pulex (~65%) during light phases for both 2-min and 10-sec time 
bins (F (3, 718.9) = 29.82,  p < 0.001; S-table 7; F (47, 11094.3) = 5.96, p < 0.001; S-table 8 
respectively). No significant differences were observed in the two species during dark 
phases of the experiment with both species utilising both sides of the choice chamber 
equally (~50%) for both 2-min and 10-sec time bins (S-table 7; S-table 8 respectively). Light 
intensity had no significant effect on phototactic response (F (3, 229) = 0.79, p = 0.501; F 
(3, 235.9) = 0.45, p = 0.716) so data for all light intensities were pooled for figure 3.4. 
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Figure 3.4: Percent duration of time spent in the light side of the well during light : dark 
phases between G. pulex and E. marinus in (A) 2-minute and (B) 10-second time bins. 
Shaded areas represent 2-minute dark phases. Error bars represent 95% confidence 
interval. Asterisk indicates significant differences between species for each time point.  
 
3.3.2 Thigmotaxis  
Significantly different behaviours were displayed between G. pulex and E. marinus during 
the thigmotaxis experiments (figure 3.5) (F (1, 245.7) = 127.62, p < 0.001; F (1, 231.3) = 
78.61, p < 0.001). G. pulex spent significantly more time (~8-13%) in the centre of the arena 
compared to E. marinus (~3%) for the duration of the trial (F (3, 726.1) = 7.73, p < 0.001; S-
table 7; F (47, 11012.4) = 2.77, p < 0.001; S-table 8). Light intensity had no significant effect 
on the amphipods’ thigmotactic response (F (3, 241.1) = 0.92, p = 0.431; F (3, 230.7) = 0.32, 
p = 0.817) so data for all light intensities were pooled for figure 3.5. 
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Figure 3.5: Percent duration of time spent in the centre zone during light : dark phases 
between G. pulex and E. marinus in (A) 2-minute and (B) 10-second time bins. Shaded 
areas represent 2-minute dark phases. Error bars represent 95% confidence intervals. 
Asterisk indicate significant differences between species for each time point.   
 
3.3.3 Velocity  
Mean velocity was recorded during the thigmotaxis trials. Significant differences in velocity 
were observed between G. pulex and E. marinus for both 2- minute and 10- second time 
bins (F (1, 914.7) = 38.20, p < 0.001; F (1, 11985.4) = 380.2, p < 0.001 respectively). When 
data was split into 2- minute time bins (figure 3.6a) both amphipod species had a swimming 
speed range of 0.8-1.8cm/s and velocity was significantly greater during light phases 
compared to dark (F (3, 865.2) = 155.25, p < 0.001). A significant interaction was observed 
between species and time (F (3, 865.2) = 9.53, p < 0.001) whereby G. pulex showed a 
significantly greater mean velocity than E. marinus during the second light cycle (p < 0.001). 
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Light intensity had no significant effects on velocity (F (9, 865.2) = 1.37, p = 0.200) when 
data was split into 2-minute time bins, so data was pooled for figure 3.6a. When data was 
split into 10- second time bins (figure 3.6b) amphipod species differed in their velocity 
range with E. marinus ranging between 0.8-2.9cm/s whereas G. pulex remained in the 0.8-
2.2cm/s range. A significant interaction was observed between species over time (F (47, 
11874.6) = 12.95, p < 0.001) whereby E. marinus showed a peak in velocity (2.9cm/s) for 
the first 30- seconds of the first light phase followed by a rapid decline in velocity, returning 
to the lower end of their swimming range (0.8cm/s). G. pulex also showed an increase in 
velocity during light phases but the increase in velocity was maintained between (1.6-
2.3cm/s). The difference in swimming pattern resulted in E. marinus having a significantly 
(p < 0.001) greater mean velocity during the first 30- seconds and a significantly (p < 0.001) 
lower velocity during the second 30- seconds of the light phase than G. pulex (S-table 8). 
The last light phase produced a lower peak in velocity for E. marinus (2.24cm/s) followed 
by a rapid decline which dropped significantly (p < 0.001) below the mean velocity of G. 
pulex during the second half of the 2-minute light phase (S-table 8). Few significant 
differences were observed in velocity between species during dark cycles (S-table 8). A 
significant interaction was also observed in velocity between species, time, and light 
intensity (F (141, 11874.6) = 2.16, p < 0.001). E. marinus exhibited a significantly (p £ 0.05) 
greater increase in velocity during light phases in correlation with increasing light intensity 
with the exception of the two lowest lux (figure 3.7). Fewer significant differences were 
observed for G. pulex with the exception of 100% intensity in which animals swam faster 
than all other intensities (figure 3.7). The heatmap representation of velocity (figure 3.7) 
was generated in excel using the conditional formatting function. The mean velocities of E. 
marinus and G. pulex were assigned a colour in a gradient from the lowest velocity (0.5 
cm/s) to the highest (4.2 cm/s).  
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Figure 3.6: Mean velocity during light : dark phases between G. pulex and E. marinus in 
(A) 2-minute and (B) 10-second time bins. Error bars represent 95% confidence intervals. 
Shaded areas represent dark phases. Asterisk indicates significant differences between 
species for each time point.   
  
 
 
114 
 
 
Figure 3.7: Heatmap representation of mean velocity (cm/s) over time in 10-second time bins for G. pulex and E. marinus for each light 
intensity. Significant differences between light intensities for each species are indicated by letters at the end of each row. Velocity was 
significantly (p £ 0.05) different where letters differ.  Shaded areas of the time scale represent ‘lights off’. 
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3.4. Discussion 
In this study, the phototactic, thigmotactic and swimming behaviours of a marine 
and freshwater amphipod were analysed. Both amphipod species exhibited negative 
phototaxis but E. marinus showed a stronger aversion to the light than G. pulex. Both E. 
marinus and G. pulex exhibited positive thigmotaxis, however G. pulex showed a weaker 
thigmotactic response than E. marinus by spending more time in the central zone of the 
arena overall. Transition between light and dark phases were also able to initiate changes 
in the thigmotactic behaviours of G. pulex but not E. marinus. Both species of amphipod 
showed an increase in swimming speed during light disturbances. When assessing the data 
in 2- minute time bins, no significant differences in velocity were observed between 
species. However, splitting the data into 10- second time bins produced significant 
differences in swimming behaviour between species. E. marinus showed an initial peak in 
velocity during light disturbances followed by a steady decrease. G. pulex responded to 
light with an increase in velocity that remained constant for the duration of the light phase. 
  
Previous work has shown that E. marinus exhibit negative phototaxis when placed in a 
light/dark choice chamber (Guler & Ford, 2010). The same study reported that the 
phototactic response in E. marinus could be altered by exposure to the antidepressant 
fluoxetine. However, this assay was unable to correct for levels of activity as organisms in 
the dark zone were not visible. The assay used in this study is capable of tracking organisms 
in both light and dark zones allowing corrections for activity by adding it as a co-variate to 
the analysis models. The results of this study support the work by  Guler & Ford (2010) in 
that amphipod species were negatively phototactic, and provides evidence that phototaxis 
in amphipods may be a useful assay in ecotoxicology testing of behavioural modifying 
compounds on animal behaviours.  Swimming speed and activity have been demonstrated 
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as a sensitive endpoint for use in ecotoxicology with amphipods (Bossus et al., 2014; 
Cartlidge et al., 2017; De Lange et al., 2006; Wallace & Estephan, 2004) with both increased 
and decreased activity reported depending on the toxicant. The results of this study 
highlight that velocity is a sensitive behavioural endpoint that can be altered by sudden 
exposure to a light disturbance in the form of increased activity as an escape response. 
Increased velocity in E. marinus when exposed to a light disturbance was also reported in 
a study by Bossus et al. (2014). The same study also reported impacts on swimming speed 
and reaction to light disturbance when exposed to anxiolytic compounds, further 
supporting that this behavioural assay could be a useful addition to standard toxicology 
testing. 
 
In this chapter, significant differences between species were observed for all three 
behavioural parameters. These differences may be explained by differences in the life 
history of the two amphipod species. E. marinus is a marine amphipod that lives in the 
intertidal zone in association with species of algae that are used as both habitat and food 
source (Martins et al., 2014). Strong positive thigmotaxis and negative phototaxis 
behaviours would keep organisms in association with the algae during circatidal rhythms 
and strong currents. G. pulex lives in freshwater rivers and streams in association with rocks 
and stones (Maitland, 1966), negative phototactic and positive thigmotactic behaviour 
would keep them under stones and hidden from predators. However, G. pulex and other 
freshwater invertebrates engage in drift when searching for food or more suitable habitat 
(Elliott, 2002a, 2002b; Humphries & Ruxton, 2003). During drift, organisms disassociate 
from the benthos and are transported via the current. G. pulex also does not live in 
association with its food source like E. marinus so would have to spend more time 
unattached to stones and in the open to forage for food. The differences that were found 
in swimming behaviours between species could also be an adaptive response to predation. 
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E. marinus are predated predominantly by birds during low tide (Martins et al., 2002; 
Múrias et al., 1996). Birds hunt by eye and are sensitive to movement of prey species 
(Dierschke et al., 1999; Mouritsen, 1994). For example, the ringed plover uses foot 
vibrations to stimulate the movement of small crustacea to make them more visible 
(Pienkowski, 1983), so the initial burst of speed followed by freezing could be an adaptive 
response to avoid predation. G. pulex are predated on predominantly by fish (Bakker et al., 
1997), so continuous swimming until reaching a place of safety could be an adaptive 
response to avoid fish predation.  
 
Results were the same when splitting data into 2- minute or 10- second time bins for 
both phototaxis and thigmotaxis behaviours. When analysing velocity data, 2- minute time 
bins showed no significant differences between species, however, significant differences in 
velocity and swimming patterns were observed when splitting data into 10- second time 
bins. This highlights the importance of carefully designing experiments so that sensitivity 
of data is not lost during analysis. E. marinus exhibited very strong thigmotactic behaviour 
so differences could not be observed between light and dark phases, suggesting that this 
species is less suitable to the thigmotaxis assay than G. pulex. The opposite was observed 
for phototactic behaviours, whereby E. marinus showed a stronger difference in 
phototactic response than G. pulex suggesting that E. marinus was more sensitive to the 
phototaxis assay. The inter-species differences in phototaxis, thigmotaxis and swimming 
behaviour found in this chapter highlight the importance of collecting baseline data on the 
test species. It has been demonstrated that behavioural ecotoxicology studies show varied 
results in the literature (Sumpter et al., 2014) which is thought to be due to a lack of 
standardisation and optimisation of assays. Furthermore, differences in baseline 
behaviours have been shown to impact the results of behavioural assays. For example, trait 
anxiety in rats were assessed by Landgraf & Wigger, (2002). Animals were separated into 
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high-anxiety and low-anxiety groups in an open field test. Treatment with the SSRI 
paroxetine reduced stress behaviours in high-anxiety animals while no differences were 
observed in low-anxiety individuals. The findings in this chapter suggest that variability in 
the results of behavioural assays in ecotoxicology may also be due to inter-species variation 
in baseline unconditioned behaviours rather than differences in sensitivity to the 
compound being tested. The results from studies within this chapter demonstrate that the 
collection of data on the baseline unconditioned behaviours of a species is necessary for 
accurate interpretation of behavioural ecotoxicology results. By understanding the 
baseline behaviours of a particular species, it is possible to determine with greater 
accuracy, whether the species is unaffected by the contaminant in question or simply not 
sensitive to the particular behavioural assay. 
 
3.5. Conclusions  
In this chapter it was demonstrated that amphipods exhibit phototactic and thigmotactic 
behaviours which can be measured successfully in laboratory assays alongside changes in 
swimming speed. E. marinus and G. pulex showed significant inter-species variability in 
their sensitivity to these assays which is thought to be the result of differences in their life 
histories including habitat type and predation. Significant differences between the two 
species were the same between 2-minute and 10-second time bins for phototaxis and 
thigmotaxis assays, however, when measuring velocity data, significant differences 
between species were only observed for the 10-second time bins. The behaviours outlined 
in this chapter show potential for use in ecotoxicological study however, care should be 
taken to ensure that the test species is first sensitive to the assay, and that data analysis is 
sufficiently sensitive to avoid false negative results.  
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Chapter 4 
The effects of antidepressants on 
multiple behaviours in amphipods   
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4.1. Introduction 
Antidepressants are largely prescribed psychiatric pharmaceuticals (Zenker et al., 2014). 
One of the most common classes of antidepressants are the selective serotonin reuptake 
inhibitors (SSRIs) which, in humans, act by blocking absorption of the neurotransmitter 
serotonin (5-HT), resulting in increased serotonin levels in the brain (Calisto & Esteves, 
2009; Kasprzyk-Hordern, 2010; Stokes & Holtz, 1997). SSRIs are the most commonly used 
antidepressants globally (Kasprzyk-Hordern, 2010), and are largely prescribed to treat 
clinical depression, compulsive-obsessive disorder and panic-disorders. Of the SSRIs, 
fluoxetine ranks the fourth most prescribed antidepressant in England, and accounts for 
11.3% of all antidepressant drug use (Andrés-Costa et al., 2017). In a meta-analysis by 
Calisto & Esteves (2009), fluoxetine and its metabolite nor-fluoxetine were the most 
commonly investigated antidepressants throughout the world. Although found in lower 
concentrations in the environment compared to other antidepressants, fluoxetine is one 
of the most resistant pharmaceuticals to environmental breakdown, raising concerns about 
bioaccumulation in environmental matrices. Fluoxetine can persist in aquatic environments 
and has been shown to resist biodegradation, in both liquid and soil cultures, in a 270 day 
assay (Redshaw et al., 2008). Fluoxetine is hydrolytically and photolytically stable in aquatic 
environments with a half-life greater than 100 days (Kwon & Armbrust, 2006), a relatively 
high BCF in fish, at a range of 74-80L/kg; half-life 9.4±1.1 days (Zenker et al., 2014), and 
significant accumulation has been observed in invertebrate species (Silva et al., 2016). 
Fluoxetine has been reported in a range of 0.001-5µg/L in effluents from WWTPs (Andrés-
Costa et al., 2017; Meador et al., 2016; Verlicchi et al., 2012), 0.012-0.02µg/L in the surface 
waters of rivers and streams (Calisto & Esteves, 2009; Kolpin et al., 2002); and 0.012µg/L in 
marine environments (Calisto & Esteves, 2009).  
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Acute toxicity tests suggest that fluoxetine is non-toxic at environmentally relevant 
concentrations with lethal concentrations (LC50s) reported at a range of  705µg/L - 8.9mg/L 
in fish, and 234µg/L – 43mg/L in crustaceans (Brooks et al., 2003). Effect concentrations 
(EC50s) on growth development or reproduction have also been reported at relatively high 
doses of 14 - 24µg/L in green algae, 750µg/L in teleost fish (Pimepales promelas), and 223 
- 820µg/l in the water flea (Daphnia spp) (Brooks et al., 2003; Calisto & Esteves, 2009). 
However, environmentally relevant concentrations have been reported to exhibit 
biological effects on aquatic organisms (Fong & Ford, 2014; Ford & Fong, 2015). In 
particular, fluoxetine has been found to exhibit effects on behaviours in multiple species 
including those associated with reproduction (Campos et al., 2012, 2013, 2016; Lazzara et 
al., 2012; Perreault et al., 2003), aggression (Dzieweczynski & Hebert, 2012; Huber & 
Delago, 1998; Perreault et al., 2003), feeding (De Castro-Català et al., 2017; Hazelton et al., 
2013; Weinberger & Klaper, 2014), activity (Barry, 2013; Bossus et al., 2014), taxis (Guler & 
Ford, 2010; Tierney et al., 2016), stress and anxiety (Egan et al., 2009; Hamilton et al., 2016; 
Wong et al., 2013), with links to anti-predator behaviours (Barbosa et al., 2012; Barry, 2013; 
Martin et al., 2017; Weinberger & Klaper, 2014).  
 
More than half of the antidepressant drugs currently in use are chiral compounds 
and many of these are marketed as racemates consisting of an equimolar mixture of two 
enantiomers (Kasprzyk-Hordern, 2010). Fluoxetine exists in two enantiomeric forms (S)-
fluoxetine and (R)-fluoxetine, and the fluoxetine that is prescribed to humans is a racemic 
mix of the two enantiomers (Kasprzyk-Hordern, 2010).  Environmental risk assessments are 
based on the assumption that antidepressants present in the environment are racemic, 
meaning that the effects of chiral enantiomers of pharmacologically active compounds in 
the environment have been overlooked (Kasprzyk-Hordern, 2010). Degradation of chiral 
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fluoxetine in river water has been shown to occur via non-enantioselective photochemical 
and mildly-enantioselective microbial processes (Andrés-Costa et al., 2017), and appears 
to favour the (R)- enantiomer (Andrés-Costa et al., 2017). Enantiomers can also have 
different biological actions, potency and toxicity (Kasprzyk-Hordern, 2010), with varied 
results between studies. In protozoa used in active sludge treatment, R-fluoxetine was 
reported as the most toxic (Andrés-Costa et al., 2017), whereas, studies on the crustacean 
Daphnia magna and the teleost P. promelas found S-fluoxetine to be more toxic by up to 
9.4 fold (Stanley et al., 2007).  
 
In chapters two and three, behavioural assays for two amphipod species, 
Echinogammarus marinus and Gammarus pulex, were developed and optimised for 
phototaxis, thigmotaxis and velocity, and differences in the unconditioned baseline 
behaviours between the two species were elucidated. In this chapter, these behaviours are 
put into context of ecotoxicological study. The SSRI fluoxetine, and fluoxetine’s chiral 
enantiomers were used to assess its effect on complex behaviours in crustaceans. Studies 
were performed on two species of amphipod, E. marinus and G. pulex, representing a 
marine and freshwater model. There is evidence in the literature that fluoxetine is able to 
bioaccumulate in amphipod tisses, with increases in internal concentrations observed after 
just 1 day of exposure in G. pulex (Meredith-Williams et al., 2012).  It has also been 
demonstrated that exposure to both serotonin and fluoxetine can alter phototaxis, 
geotaxis and swimming behaviours of E. marinus  (Bossus et al., 2014; Guler & Ford, 2010), 
and on levels of activity in G. pulex (De Lange et al., 2006). In freshwater systems, 
acanthocephalan parasites can alter the phototactic and thigmotactic behaviours of their 
amphipod hosts, making them more susceptible to predation (Bakker et al., 1997; Bauer et 
al., 2005). These alterations in behaviour were replicated in gammarids exposed to 5-HT 
123 
 
(Helluy & Holmes, 1990). To date, and to the best of the author’s knowledge, the effects of 
specific enantiomer exposure on amphipod behaviours have not been reported in the 
literature.  
 
In this chapter the effects of racemic fluoxetine on the behaviours of E. marinus and 
G. pulex are assessed. For freshwater studies with G. pulex, the effects of fluoxetine’s two 
chiral enantiomers on behaviour were also evaluated and the presence and concentration 
of fluoxetine in spiked samples were measured in association with the University of Bath. 
Due to its physiochemical nature, we were unable to measure fluoxetine concentrations in 
seawater samples from E. marinus studies. The main aims of the study were to: 
 
1. Attempt to validate the behavioural assays developed and optimised for E. marinus 
and G. pulex in chapters 2 and 3 using the antidepressant compound fluoxetine. 
2. Assess whether environmentally relevant concentrations of fluoxetine can alter 
‘anxiety-like’ and swimming behaviours of marine and freshwater amphipods. 
3. Ascertain whether the chiral enantiomers of antidepressant compounds can have 
differential effects on the behaviours of G. pulex and evaluate the degradation of 
racemic fluoxetine and its enantiomers, including production of metabolites, during 
laboratory studies.    
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4.2. Materials and methods 
4.2.1 Animal collection dates 
Experiments were performed across a two-year period. Organisms were wild caught for 
each new experiment, so collection dates differed. For ease of writing these will be split by 
species as experiments 1, 2 & 3. Collection dates for each experiment are as follows:    
• Experiment 1: E. marinus exposed to fluoxetine using the first behavioural 
chamber design. Collected 12/02/2016.  
• Experiment 2: E. marinus exposed to fluoxetine. Repeat of experiment 1 with 
upgraded behavioural chamber. Collected 07/09/2017. 
• Experiment 3: G. pulex exposed to racemic fluoxetine, R-fluoxetine or S-fluoxetine. 
With water chemistry analysis from the University of Bath. Collected 25/09/2017, 
15/10/2017 & 02/11/2017 respectively. 
 
4.2.2 Animal collection and husbandry  
The methods and location for E. marinus and G. pulex collection were described in Chapter 
2 (sections 2.2.2.1 and 2.2.3.1 respectively). For experiment 1 E. marinus were acclimated 
to laboratory conditions in artificial seawater (AFSW) at 33ppt (made with red sea salt 
sourced from Red Sea Aquatics, UK) at 10±1oC under 24hr dark cycle for 2 months. For all 
subsequent experiments, organisms were acclimated for 1-week following collection. 
During which time, animals were depurated in either AFSW at 33ppt for E. marinus, or 
bottled Evian water for G. pulex. During acclimation, E. marinus were provided with the 
seaweed A. nodosum depurated for 5-days in AFSW as both a natural food source and 
substrate. For G. pulex, dry alder leaves (Alnus glutinosa) conditioned in Evian for 10 days 
were used as a food source and substrate during acclimation. Prior to acclimation, all 
specimens were separated by sex and checked for internal parasites as described in chapter 
2 (sections 2.2.2.1 and 2.2.3.1). Unparasitised, adult males were selected for study.  
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4.2.3 Preparation of compounds and animal exposure 
Racemic fluoxetine (CAS: 56296-78-7) and its chiral enantiomers, R-fluoxetine (CAS: 
114247-09-5) and S-fluoxetine (CAS: 114247-06-2) were sourced from Sigma-Aldrich in dry 
powder form. All compounds were water soluble (Calisto & Esteves, 2009) so solutions 
were made without a solvent, using either AFSW at 33ppt for E. marinus or bottled Evian 
water for G. pulex. Four fluoxetine concentrations (0.001, 0.01, 0.1, 1.0 µg/L) plus a control 
were used for each compound. 20 replicates were performed per concentration with a 
single individual placed in a 227ml polypropylene dish (10.5cm diameter) in 80ml of 
solution (figure 4.1). Organisms were exposed in individual dishes in an incubator at 10±1oC 
in the dark with a ~2mm x 2mm square of conditioned A. glutinosa as a food source for G. 
pulex, or an equivalent size of A. nodosum for E. marinus. A water change was performed 
every three days to ensure that the concentration of anxiolytic compounds stayed 
reasonably constant throughout the study, food was replaced during water changes to 
minimise disturbance to organisms and to prevent over feeding. The temperature, 
photoperiod and feeding regime used in this study was designed to maintain organisms 
within optimal range whilst also minimising the degradation of anxiolytic compounds. 
Studies have shown that fluoxetine degradation is minimal in dark abiotic conditions but 
can increase significantly when in light biotic conditions (Andrés-Costa et al., 2017). Dark 
abiotic conditions did not lead to significant removal of fluoxetine after 15 days, but dark 
biotic conditions resulted in significant reduction of fluoxetine after 5 days (Andrés-Costa 
et al., 2017). Whilst abiotic conditions are impossible when using live organisms, waste 
products were kept to a minimum by a controlled feeding regime, and a water change every 
3 days. For each experiment, organisms were exposed for a total of 15 days.  
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4.2.4 Analysis of behaviour 
Due to the size of the experiment and the amount of time it would take to analyse the 
behaviours of all replicates, the analysis of amphipod behaviours was split across two days. 
The phototactic behaviours of E. marinus or G. pulex were assessed following 1day, 7days 
and 14days of fluoxetine exposure, whilst thigmotaxis and velocity were assessed 
simultaneously after 2days, 8days and 15days of exposure (figure 4.1). All behaviours were 
analysed using a DanioVision™ observation chamber connected to EthoVision®XT 11.5 
video tracking software (TrackSys, Nottingham, UK). A detailed description of the 
hardware, software, and detection settings can be found in chapter 2 (section 2.2.1). 
Organisms were tracked in the DanioVision™ for a total of 8 minutes under a 2-minute 
dark:2-minute light cycle. Lights on was used as a disturbance to induce a behavioural 
response. The light intensity was set at 2000 Lux, as per results from chapter 2. 
 
 
Figure 4.1: Experimental design for G. pulex exposures and measuring phototaxis, 
thigmotaxis and velocity behaviours. The same procedure was used for E. marinus 
exposures but with an omniplate for phototaxis assays and a deep petri-dish for 
thigmotaxis and velocity assays.   
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4.2.4.1 Experiment 1  
For experiment 1, E. marinus were exposed to environmentally relevant concentrations of 
fluoxetine as described in section 2.2.3. To measure phototaxis, a square petri dish (100mm 
x 100mm) sourced from Thermo-Fisher Scientific was used with black electrical tape on the 
outside to mask one half of the arena. This allowed for one half of the arena to be lit whilst 
the other remained dark during 2-minute ‘light on’ phases. During ‘light off’ phases the 
entire arena was dark. Thigmotaxis was measured in a circular petri dish with a central and 
outer zone indicated in the EthoVision®XT software. Velocity was measured at the same 
time as thigmotaxis by the behavioural software. Dimensions of the phototaxis and 
thigmotaxis behavioural chambers are outlined in figure 4.2. The use of masking tape in 
this experiment meant that the infra-red camera could not track organisms when in the 
dark side of the arena.    
 
 
Figure 4.2: Dimensions of (A) square chamber with light and dark zones to measure 
phototaxis and (B) round chamber with centre and outer zones to measure thigmotaxis 
and velocity in E. marinus  
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4.2.4.2 Experiment 2 
Experiment 1 was repeated with E. marinus exposed to fluoxetine. For this experiment the 
phototaxis chamber was upgraded to that described in chapter 2 section 2.2.1.4.1. 
Specifically, a rectangular ‘Nunc’ omniplate was placed over a strip of acrylic creating a light 
and dark zone in the well. The strip consisted of a clear acrylic through which white and 
infra-red light can pass, and a black acrylic that allows only infra-red light to pass. The use 
of the acrylics allowed the movements of organisms to be tracked in both the light and dark 
side of the arena. Light and dark zones were outlined in EthoVision®XT, and an exclusion 
zone was added to prevent organisms being in two zones at one time. During 2-minute light 
phases, the half of the chamber containing the clear acrylic was lit whilst the half with the 
black acrylic remained dark. During dark phases the entire arena was dark. As with 
experiment 1, a petri dish was used to assess thigmotaxis and velocity. The dimensions of 
the phototaxis and thigmotaxis arenas in experiment 2 are outlined in figure 4.3. 
 
 
Figure 4.3: Dimensions of (A) upgraded phototaxis chamber with light and dark zones 
and exclusion zone (B) round chamber to measure thigmotaxis and velocity in E. 
marinus 
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4.2.4.3 Experiment 3  
4.2.4.3.1 Animal exposure and behavioural analysis  
An experiment was done in conjunction with the University of Bath. Freshwater G. pulex 
were exposed to racemic fluoxetine and both chiral enantiomers at a range of 
environmentally relevant concentrations, as described in section 2.2.3. Due to the size of 
the experiment and the time it would take to analyse the behaviour of all replicates at the 
correct duration of exposure, the experiment was split into three sequential studies by 
compound. The first study was performed with racemic fluoxetine, followed by (S)-
fluoxetine then (R)-fluoxetine. The start of each study was staggered, so that fresh 
organisms were collected and acclimated as described in section 2.2.1 for each study. This 
was done to ensure that all test subjects received the same acclimation time, as it has been 
shown that length of acclimation can affect the results of behavioural assays (Melvin et al., 
2017).  For all three studies, a custom, round 2-well plate was used to measure velocity and 
thigmotactic behaviour, and a rectangular four-well plate was used to assess phototactic 
behaviours of G. pulex (as per results from chapter 2). Dimensions of phototaxis and 
thigmotaxis chambers used for G. pulex studies are outlined in figure 4.4.  
 
 
Figure 4.4: Dimensions of (A) 4-well plate with light, dark and exclusion zones for 
assessment of phototaxis, and (B) 2-well plate for velocity and thigmotaxis analysis with 
outer and central zones. 
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4.2.4.3.2 Water sample collection, spiking and storage: 
To assess the potential degradation of fluoxetine and the production of metabolites 
throughout the 15day exposure, both influent and effluent water samples were collected 
at intervals throughout the studies. Due to the size of the studies and the time to collect, 
prepare, and analyse samples, not all points could be carried out. Instead, samples were 
collected in duplicate for all concentrations and the control for day 0 influent, day 4 influent 
and effluent, and day 15 effluent. These time points were chosen as they cover the start of 
the experiment, the first water change and the end of the experiment. It was later 
determined that the lowest concentration (0.001µg/L) would be too low for analysis, even 
following sample preparation, therefore this was not analysed leaving 36 samples per 
study, and a final total of 108 samples for all three studies combined. Due to the low 
volumes used for amphipod exposure, with each polypropylene dish containing only 80mL 
of water, the effluent samples analysed were from all 20 replicate vessels combined. For 
each treatment, water from the 20 replicates were combined in a 2L sterile glass jar and 
thoroughly mixed before being measured into two 100mL bottles. To prevent cross-
contamination a different jar was used per treatment and acid washed between uses in 
10% hydrochloric acid (HCL) to remove any compounds adhered to the glass. The influent 
samples were taken directly from the freshly prepared stock solutions prior to adding to 
the vessels. After influent and effluent samples were collected and accurately measured to 
100 mL, the samples were then spiked with 50µL (25µL for 0.01µg/L) of internal standard 
(IS) fluoxetine-d5, 1mg/mL in methanol solution, purchased from Sigma Aldrich 
(Cambridge, UK). Samples were thoroughly mixed and stored at ˗18°C. At the end of all 
three studies, the samples were transported frozen and on dry ice, to the University of Bath 
for sample preparation and analysis.  
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4.2.4.3.3 Water sample preparation and analysis 
Depending on the study and the day of the experiment that samples were taken, samples 
were frozen at -20oC for 3–55 days before preparation. Samples were prepared and 
analysed using the methods described by Andrés-Costa et al (2017). Once defrosted, 
samples were filtered with Whatman GF/F 0.7µm glass fibre filter paper. Oasis HLB 60mg 
3mL were pre-conditioned with 2mL of methanol followed by 2mL of deionised water 
before each sample was loaded onto a cartridge at a rate of ~8mL/min. Once loaded, the 
cartridges were dried for 30 minutes to remove all residual water, then the analytes were 
eluted into salinised test tubes with 4 mL of methanol, under gravity. Following elution, the 
extracts were moved to the TurboVap (Caliper, UK, 40°C, N2, <5psi) for evaporation under 
nitrogen. When completely dry, they were reconstituted in 0.5mL of mobile phase and 
filtered through 0.2µm PTFE syringe filters into a PPE 0.3mL LC vial ready for analysis. 
Samples were analysed as soon as possible after preparation. Quantitative analysis was 
carried out using an Acquity UPLC system (Waters, Manchester, UK). Chiral separation was 
achieved with Astec Chirobiotic V chiral column (25cm x 2.1mm, 5µm particle size). The 
mobile phase used was that which was optimised by Andrés-Costa et al (2017): 70% 
ethanol, 30% HQ water, 4mM ammonium acetate and 0.005% formic acid. The separation 
of enantiomers was achieved with isocratic conditions, flow rate of 0.06 mL/min an 
injection volume of 20µL, and a column temperature maintained at 25°C. The initial 
pressure was ~850 psi and the samples were stored at 4°C throughout the analysis. 
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4.2.5. Statistics 
Phototaxis was measured as a comparison of the percent duration of time spent in dark 
and light zones between light : dark phases. Thigmotaxis was measured as a comparison of 
percent duration of time spent in central and outer zones between light : dark phases. 
Extreme anomalous values generated by loss of tracking by the EthoVision®XT software 
was excluded from the data analysis (as defined by values > median ±3*IQR) and never 
removed more than 3% of data points. Statistical analysis of behavioural studies was 
performed in IBM SPSS Statistics 24 and LMEs were used for all comparisons. Time (i.e. light 
phase); treatment (including racemic fluoxetine and its chiral enantiomers at varying 
doses); and length of exposure represented the fixed effects in the model. Each individual 
animal was labelled with a unique ID which was used as the random effects in the LME 
model. Total distance was used as a co-variate in phototaxis and thigmotaxis assays to 
correct for animals that did not move during trials (Parker, 2016). This was done for all 
experiments, with the exception of phototaxis in experiment 1, as the first behavioural 
chamber did not allow for tracking of organisms when in the dark side of the arena. Velocity 
was measured in both 2-minute and 10-second time bins to compare sensitivity (as 
discussed in chapter 3). Tukey’s pairwise comparisons were used for Post Hoc analysis with 
Bonferroni adjustments to correct for type-II errors. P-values of £ 0.05 were considered 
significantly different. 
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4.3. Results  
4.3.1 Experiment 1: E. marinus fluoxetine exposure  
4.3.1.1 Phototaxis  
During the first fluoxetine experiment with E. marinus time had a significant effect on 
phototaxis behaviours (table 4.1) with less time spent in the light zone during two minute 
‘light on’ phases compared to ‘light off’ (figure 4.5). Fluoxetine had a significant (p = 0.013) 
effect on the phototaxis behaviours of E. marinus between treatment groups with 
individuals exposed to 0.01µg/L spending less time in the light compared to controls. No 
significant interaction was observed between treatment groups when separated by light 
phase or duration of exposure (p = 0.865 and p = 0.887 respectively). 
 
4.3.1.2 Thigmotaxis 
When assessing thigmotaxis behaviours, both light phase and duration of exposure had a 
significant effect on the proportion of time E. marinus spent exploring the central zone of 
the arena (table 4.1). Less time was spent in the centre during ‘light on’ phases compared 
to ‘light off’ after 1 day of exposure, and more time was spent in the centre overall after 1-
day exposure compared to 1-week and 2-weeks (figure 4.5). Thigmotaxis differed 
significantly between fluoxetine treatment groups (p = 0.050) with individuals exposed to 
0.001ug/L spending less time in the centre compared to controls. There was no interaction 
observed between treatment groups when separated by light phase or duration of 
exposure (table 4.1; figure 4.5). 
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Table 4.1: Output from Linear Mixed Effects models for phototactic and thigmotactic 
behaviours in E. marinus exposed to fluoxetine (experiment 1). ‘Time’ represents 2-
minute light : dark phases. Significant differences are indicated in bold. Significance 
level p £ 0.05.  
Phototaxis Thigmotaxis  
N- df D- df F Sig. N- df D- df F Sig. 
intercept 1 266 818.3 <0.001 1 683 107.4 <0.001 
time 3 798 170.3 <0.001 3 702 6.8 <0.001 
treatment 4 266 3.2 0.013 4 207 2.4 0.050 
exposure 2 266 1.9 0.151 2 230 11.4 <0.001 
time * treatment 12 798 0.6 0.865 12 694 1.0 0.448 
time * exposure 6 798 2.3 0.033 6 695 1.8 0.106 
treatment * exposure 8 266 0.5 0.887 8 205 1.0 0.419 
time * treatment *exposure 24 798 1.0 0.490 24 691 1.4 0.121 
 
 
 
Figure 4.5: (A-C) Phototaxis and (D-F) thigmotaxis results for E. marinus between 
fluoxetine treatments (experiment 1). Shaded areas represent 2-minute dark phases. 
Error bars represent 95% confidence 
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4.3.1.3 Velocity 
Light phase had a significant effect on the swimming velocity of E. marinus (table 4.2) with 
animals swimming faster during ‘light on’ phases compared to ‘light off’ in both 2-minute 
and 10-second time bins (figure 4.6). Fluoxetine treatment had a significant impact on the 
mean velocity of E. marinus (p = 0.002) with organisms exposed to 0.1µg/L swimming 
slower than controls. A significant interaction was also observed between treatment 
groups and light phase (p < 0.001). Mean velocity of E. marinus was lower in treated 
individuals compared to controls during light phases and the inverse observed during dark 
phases (figure 4.6). Most significant differences in velocity were observed in the two 
highest treatment groups (1µg/L and 0.1µg/L) compared to controls (figure 4.6; S-table9). 
The significance level for all variables did not differ between velocity data when separated 
into 2-minute or 10-second time bins.    
 
Table 4.2: Output from Linear Mixed Effects models for mean velocity of E. marinus 
exposed to fluoxetine (experiment 1) between 2-minute and 10-second time bins. 
‘Time’ represents 2-minute light : dark phases. Significant differences are indicated in 
bold. Significance level p £ 0.05  
Velocity (2min) Velocity (10sec)  
N- df D- df F Sig. N- df D- df F Sig. 
intercept 1 267 2162.3 <0.001 1 267 2168.0 <0.001 
time 3 801 25.0 <0.001 47 12529 45.5 <0.001 
treatment 4 267 4.4 0.002 4 267 4.5 0.002 
exposure 2 267 76.4 <0.001 2 267 76.6 <0.001 
time * treatment 12 801 5.2 <0.001 188 12529 2.3 <0.001 
time * exposure 6 801 10.8 <0.001 94 12529 5.9 <0.001 
treatment * exposure 8 267 0.6 0.741 8 267 0.7 0.732 
time * treatment * 
exposure 
24 801 0.5 0.983 376 12529 1.0 0.713 
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Figure 4.6: Velocity data over time for E. marinus exposed to fluoxetine (experiment 1) between treatments after 1 day, 1 week and 2 weeks exposure 
(top-bottom). Error bars represent 95% confidence. Heatmaps (right) represent mean velocity over time with asterisks indicating significant differences 
in velocity compared to controls. Significance level p £ 0.05   
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4.3.2 Experiment 2: E. marinus fluoxetine exposure 
4.3.2.1 Phototaxis  
In the second experiment, a significant effect of time was observed on phototaxis 
behaviours (table 4.3) with E. marinus spending significantly less time (p < 0.001) in the 
light zone during ‘light on’ phases compared to ‘light off’ (figure 4.7). Fluoxetine had no 
significant effects on phototactic behaviours between treatment groups (p > 0.05). 
However, a significant interaction was observed between treatments with time and length 
of exposure (p = 0.033 & p = 0.002 respectively). These interactions were driven by animals 
exposed to 0.01µg/L of fluoxetine compared to 0.1µg/L. For the 0.01µg/L treatment group 
E. marinus spent significantly more time in the light during the second ‘light on’ phase after 
1 day of exposure (figure 4.7). No significant differences (p > 0.05) were observed in the 
phototaxis behaviours of E. marinus when comparing treatments to controls. There was a 
significant effect of the covariate (table 4.3) indicating that total distance travelled could 
significantly impact phototaxis results.  
 
4.3.2.2 Thigmotaxis 
A significant effect of time on thigmotaxis behaviours (table 4.3) was observed with animals 
spending more time in the centre zone during ‘light off’ phases compared to ‘light on’ 
(figure 4.7). The use of the centre zone was significantly different in E. marinus between 
treatment groups (p = 0.047) with individuals exposed to the highest fluoxetine 
concentration spending less time in the centre zone compared to controls and all other 
treatment groups. Despite this, no significant effects on centre zone use was observed with 
length of exposure (p = 0.114) and there was no significant interaction between treatment 
and light phase or duration of exposure (table 4.3). There was a significant effect of the 
covariate indicating that distance travelled could significantly impact thigmotaxis results. 
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Table 4.3: Output from Linear Mixed Effects models for phototactic and thigmotactic 
behaviours in E. marinus exposed to fluoxetine (experiment 2). ‘Time’ represents 2-
minute light : dark phases. Significant differences are indicated in bold. Significance 
level p £ 0.05  
Phototaxis Thigmotaxis  
N- df D- df F Sig. N- df D- df F Sig. 
intercept 1 703 124.9 <0.001 1 736 184.3 <0.001 
time 3 889 211.4 <0.001 3 832 6.2 <0.001 
treatment 4 282 0.4 0.826 4 283 2.5 0.047 
exposure 2 284 8.8 <0.001 2 289 2.2 0.114 
time * treatment 12 843 1.9 0.033 12 817 1.3 0.218 
time * exposure 6 843 3.4 0.002 6 818 1.3 0.269 
treatment * exposure 8 282 2.1 0.035 8 283 1.6 0.141 
time * treatment *exposure 24 842 1.2 0.260 24 816 1.1 0.347 
total distance 1 856 39.8 <0.001 1 969 13.2 <0.001 
 
 
 
Figure 4.7: (A-C) Phototaxis and (D-F) thigmotaxis results for E. marinus between 
fluoxetine treatments (experiment 2). Error bars represent 95% confidence. Shaded 
areas represent 2-minute dark phases. Asterisks indicate significant differences 
between treatments. Significance level p £ 0.05  
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4.3.3.3 Velocity  
In the second experiment with fluoxetine there was a significant effect of time on the 
swimming velocity of E. marinus (table 4.4), with animals swimming faster during ‘light on’ 
phases compared to ‘light off’ (figure 4.8). Fluoxetine exposure had no significant effects 
on the velocity of E. marinus between treatments (p > 0.05: table 4.4). Duration of exposure 
significantly affected velocity of E. marinus (p < 0.001) with animals swimming slower after 
1 week and 2 weeks compared to 1 day (figure 4.8). However, this was for all treatments 
combined, and no significant interactions were observed between duration of exposure 
and treatment group (p > 0.05). When splitting velocity data into 10-second time bins 
rather than 2-minute light phases, no differences in significance level were observed for 
any of the factors (table 4.4) with the exception of one time point in the highest treatment 
group (figure 4.8).    
 
Table 4.4: Output from Linear Mixed Effects models for mean velocity of E. marinus 
exposed to fluoxetine (experiment 2) between 2-minute and 10-second time bins. 
‘Time’ represents 2-minute light : dark phases. Significant differences are indicated in 
bold. Significance level p £ 0.05  
Velocity (2min) Velocity (10sec)  
N- df D- df F Sig. N- df D- df F Sig. 
intercept 1 267 2162.3 <0.001 1 267 2168.0 <0.001 
time 3 801 25.0 <0.001 47 12529 45.5 <0.001 
treatment 4 267 4.4 0.335 4 267 4.5 0.249 
exposure 2 267 76.4 <0.001 2 267 76.6 <0.001 
time * treatment 12 801 5.2 0.976 188 12529 2.3 0.999 
time * exposure 6 801 10.8 0.017 94 12529 5.9 <0.001 
treatment * exposure 8 267 0.6 0.828 8 267 0.7 0.806 
time * treatment * 
exposure 
24 801 0.5 0.747 376 12529 1.0 0.986 
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Figure 4.8: Velocity data over time for E. marinus exposed to fluoxetine (experiment 2) between treatments after 1 day, 1 week and 2 weeks exposure 
(top-bottom). Error bars represent 95% confidence. Heatmaps (right) represent mean velocity over time with asterisks showing significant differences in 
velocity compared to controls. Significance level p £ 0.05   
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4.3.3 Experiment 3: G. pulex fluoxetine and chiral fluoxetine exposures 
4.3.3.1 Behaviour 
4.3.3.1.1 Study 1: Racemic fluoxetine 
4.3.3.1.1.1 Phototaxis  
In study 1 of experiment 3, time had a significant impact on phototaxis behaviours in G. 
pulex (table 4.5) with organisms spending less time in the light zone during ‘light on’ phases 
compared to ‘light off’ (figure 4.9). Duration of exposure had a significant (p < 0.001) effect 
on phototactic response and a significant interaction with light phases (p = 0.008), as G. 
pulex spent more time spent in the light zone during ‘light on’ phases after 1 day of 
exposure compared to after 1-2 weeks exposure (figure 4.9). Exposure to fluoxetine had a 
significant effect on phototaxis behaviours between treatments (p = 0.002) but this was 
driven by animals exposed to 0.1µg/L spending less time in the light compared to those 
exposed to 1µg/L. None were significantly different to control animals. A significant 
interaction (p = 0.025) was observed between fluoxetine treatments with length of 
exposure (table 4.5). These interactions were driven by significant (p < 0.05) differences 
between treatment groups, during both light and dark phases, after 1 day and 2 weeks of 
exposure (figure 4.9: S-table 11). No significant differences (p > 0.05) on phototaxis 
behaviours were observed with fluoxetine treatments compared to controls. There was a 
significant effect of the covariate (table 4.5) indicating that total distance travelled could 
significantly impact phototaxis results. 
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4.3.3.1.1.2 Thigmotaxis 
Fluoxetine exposure had a significant effect on the percentage of time G. pulex spent 
exploring the centre zone of the arena between treatments (table 4.5), driven by the 
significantly (p < 0.05) greater duration of time spent in the centre zone during ‘light off’ 
phases of G. pulex exposed to the lowest fluoxetine treatment group (0.001µg/L) compared 
to the highest treatment (1µg/L) (figure 4.9; S-table 11). No significant differences (p > 0.05) 
were observed in thigmotaxis behaviours of G. pulex when comparing fluoxetine treated 
animals to controls. There was a significant effect of the covariate (table 4.5) indicating that 
total distance travelled could significantly impact thigmotaxis results. 
 
Table 4.5: Output from Linear Mixed Effects models for phototactic and thigmotactic 
behaviours of G. pulex exposed to fluoxetine. ‘Time’ represents 2-minute light : dark 
phases. Significant differences are indicated in bold. Significance level p £ 0.05.  
Phototaxis Thigmotaxis  
N-df D-df F Sig. N- df D- df F Sig. 
intercept 1 572 303.4 <0.001 1 718 388.7 <0.001 
time 3 935 98.3 <0.001 3 926 2.3 0.076 
treatment 4 279 4.3 0.002 4 277 5.9 <0.001 
exposure 2 278 12.1 <0.001 2 276 6.7 0.001 
time * treatment 12 834 1.3 0.234 12 824 1.5 0.133 
time * exposure 6 844 2.9 0.008 6 823 2.0 0.059 
treatment * exposure   8 277 2.2 0.025 8 276 0.7 0.679 
time * treatment * 
exposure 
24 834 1.1 0.302 24 821 0.5 0.964 
total distance 1 703 29.1 <0.001 1 920 56.9 <0.001 
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Figure 4.9: (A-C) Phototaxis and (D-F) thigmotaxis results for G. pulex between 
fluoxetine treatments. Error bars represent 95% confidence. Shaded areas represent 2-
minute dark phases. Asterisks indicate significant differences between treatments. 
Significance level p £ 0.05 
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4.3.3.1.1.3 Velocity 
There was a significant effect of time on the mean velocity of G. pulex (table 4.6) with 
animals swimming faster during ‘light on’ phases compared to ‘light off’ (figure 4.10). When 
comparing the statistical output for both 2-minute and 10-second time bins, no differences 
were observed in the significance level for all factors (table 4.6). No significant effects on 
velocity were observed between treatment groups (p = 0.310 & p = 0.262) or with duration 
of exposure (p = 0.392 & p = 0.364) when looking at the data set as a whole. However, a 
significant interaction (p < 0.001) was observed between fluoxetine treatment and light 
phase with G. pulex swimming slower when exposed to both the highest and lowest 
concentrations of fluoxetine compared to the controls during ‘light on’ phases (figure 4.10). 
Pairwise comparisons revealed no significant differences (p > 0.05) in velocity of G. pulex 
between treatment groups for 2-min time bins, and only two time points for 10-second 
binned data where treatment groups were significantly different to controls (p < 0.05). 
These two time points were found for 0.01µg/L after 1day exposure and 1µg/L after 1 week 
of exposure (figure 4.10; S-table 12).  
 
Table 4.6: Output from Linear Mixed Effects models for mean velocity of G. pulex 
exposed to fluoxetine between 2-minute and 10-second time bins. ‘Time’ represents 2-
minute light : dark phases. Significant differences are indicated in bold. Significance 
level p £ 0.05  
Velocity (2min) Velocity (10sec)  
N-df D-df F Sig. N- df D- df F Sig. 
intercept 1 275 2182.7 <0.001 1 275 2158.9 <0.001 
time 3 825 548.4 <0.001 47 12898 186.3 <0.001 
treatment 4 275 1.2 0.310 4 275 1.3 0.262 
exposure 2 275 0.9 0.392 2 275 1.0 0.364 
time * treatment 12 825 6.7 <0.001 188 12898 2.8 <0.001 
time * exposure 6 825 4.5 <0.001 94 12898 2.4 <0.001 
treatment * exposure  8 275 0.1 0.998 8 275 0.1 0.997 
time * treatment * 
exposure 
24 825 0.8 0.713 376 12898 0.9 0.919 
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Figure 4.10: Velocity data over time for G. pulex exposed to fluoxetine between treatments after 1 day, 1 week and 2 weeks exposure (top-bottom). 
Error bars represent 95% confidence. Heatmaps (right) represent mean velocity over time with asterisks to show significant differences in velocity 
compared to controls. Significance level p £ 0.05   
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4.3.3.1.2 Study 2: R-fluoxetine 
4.3.3.1.2.1 Phototaxis  
In the second study of experiment 3 a significant effect of time on phototaxis behaviours 
in G. pulex was observed (table 4.7), with animals spending less time in the light zone of 
the arena during ‘light on’ phases compared to ‘light off’ (figure 4.11). Duration of 
experiment had a significant effect on phototaxis (p = 0.004) with animals spending more 
time in the light zone during light phases following 1- and 2-week exposures compared to 
1 day (figure 4.11). Exposure of G. pulex to R-fluoxetine had no significant effects on 
phototaxis behaviours between treatments (p = 0.481). There was a significant effect of the 
covariate (table 4.7) indicating that total distance travelled could significantly impact 
phototaxis results. 
 
4.3.3.1.2.2 Thigmotaxis 
When assessing the amount of time G. pulex spent exploring central zones, no significant 
effect was found between treatments (p = 0.065; table 4.7). A significant interaction was 
however observed between treatment group and light : dark phase (p = 0.007), with 
animals spending more time exploring the centre zone during the second ‘light off’ phase 
in the two lowest treatment groups (0.001µg/L & 0.01µg/L) compared to controls (figure 
4.11). No significant interaction between light : dark phase and treatment when further 
separated by duration of exposure (p = 0.376). There was a significant effect of the 
covariate (table 4.7) indicating that total distance travelled could significantly impact 
thigmotaxis results. 
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Table 4.7: Output from Linear Mixed Effects models for phototactic and thigmotactic 
behaviours of G. pulex exposed to R-fluoxetine. ‘Time’ represents 2-minute light : dark 
phases. Significant differences are indicated in bold. Significance level p £ 0.05  
Phototaxis Thigmotaxis  
N- df D- df F Sig. N- df D- df F Sig. 
intercept 1 613 211.5 <0.001 1 744 194.5 <0.001 
time 3 954 108.5 <0.001 3 949 5.3 0.001 
treatment 4 282 0.9 0.481 4 279 2.2 0.065 
exposure 2 280 5.7 0.004 2 278 0.4 0.656 
time * treatment 12 842 1.1 0.360 12 838 2.3 0.007 
time * exposure 6 843 1.9 0.087 6 838 0.5 0.803 
 treatment * exposure  8 280 0.6 0.786 8 278 1.2 0.278 
time * treatment * exposure 24 841 0.8 0.793 24 837 1.1 0.376 
total distance 1 746 27.3 <0.001 1 1012 16.1 <0.001 
 
 
 
Figure 4.11: (A-C) Phototaxis and (D-F) thigmotaxis results for G. pulex between R-
fluoxetine treatments. Error bars represent 95% confidence. Shaded areas represent 2-
minute dark phases. 
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4.3.3.1.2.3 Velocity 
There was a significant effect of time on the mean velocity of G. pulex (table 4.8) with 
animals swimming faster during ‘light on’ phases compared to ‘light off’ (figure 4.12). No 
other significant effects on velocity were observed when looking at the data in 2-min time 
bins. When splitting data into 10-second time bins a significant interaction (p < 0.001) was 
observed in swimming speed between treatment groups and light phase. G. pulex exposed 
to 0.01µg/L swam slower than other treatment groups and controls during ‘light on’ phases 
after 1day of exposure. Post hoc analysis found significant differences in velocity in the 
highest treatment group (1µg/L) after 1 day and 2 weeks of exposure, and in the 
intermediate concentration (0.01µg/L) after 1 week of exposure, compared to controls 
(figure 4.12; S-table 13).  
 
Table 4.8: Output from Linear Mixed Effects models for mean velocity of G. pulex 
exposed to R-fluoxetine between 2-minute and 10-second time bins. ‘Time’ represents 
2-minute light : dark phases. Significant differences are indicated in bold. Significance 
level p £ 0.05  
Velocity (2min) Velocity (10sec)  
N- df D- df F Sig. N- df D- df F Sig. 
intercept 1 280 2028.1 <0.001 1 280 2147.8 <0.001 
time 3 840 878.9 <0.001 48 13362 291.9 <0.001 
treatment 4 280 2.2 0.070 4 280 1.7 0.153 
exposure 2 280 0.5 0.628 2 280 0.2 0.792 
time * treatment 12 840 1.2 0.309 192 13362 1.4 <0.001 
time * exposure 6 840 1.6 0.132 96 13362 2.5 <0.001 
treatment * exposure   8 280 0.4 0.945 8 280 0.5 0.857 
time * treatment * 
exposure 
24 840 0.4 0.992 384 13362 0.9 0.952 
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Figure 4.12: Velocity data over time for G. pulex exposed to R-fluoxetine between treatments after 1 day, 1 week and 2 weeks exposure (top-bottom). 
Error bars represent 95% confidence. Heatmaps (right) representing mean velocity over time with asterisks indicating significant differences in velocity 
compared to controls. Significance level p £ 0.05   
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4.3.3.1.3 Study 3: S-fluoxetine 
4.3.3.1.3.1 Phototaxis  
During the third study of experiment 3 using S-fluoxetine, a significant effect of time on 
phototaxis behaviour was observed in G. pulex (table 4.9). Animals spent significantly (p < 
0.001) less time in the light zone during ‘light on’ phases compared to ‘light off’ (figure 
4.13). S-fluoxetine had no significant effects on phototaxis behaviours between treatments 
(p = 0.209) when looking at the dataset as a whole. However, pairwise comparisons for 
each time bin revealed that organisms exposed to 0.1µg/L S-fluoxetine spent significantly 
more time in the light side of the arena, during the second ‘light off’ phase, after 1 week of 
exposure, compared to those exposed to 0.001µg/L (figure 4.13; S-table 14). There was a 
significant effect of the covariate (table 4.9) indicating that total distance travelled could 
significantly impact phototaxis results. 
 
4.3.3.1.3.2 Thigmotaxis 
When assessing the amount of time G. pulex spent exploring the central zone, a hardware 
malfunction during 1-week trials prevented lights from turning on in the DanioVision™. As 
a result, organisms were not stimulated to engage in thigmotaxis. Data from the 1-week 
trials has been included in all figures as a visual representation (highlighted), but the LME 
models were run with the 1-week data excluded. A significant interaction (table 4.9) of S-
fluoxetine was observed between treatment groups and light phase (p < 0.001). G. pulex 
exposed to mid-range concentrations (0.1µg/L – 0.01 µg/L) of S-fluoxetine spent less time 
exploring the centre zone during dark phases and more time exploring centre zones during 
light phases compared to controls (figure 4.13). This pattern was however lost when further 
splitting the data by length of exposure. G. pulex exposed to 0.1µg/l spent significantly less 
time in centre zones compared to control animals during the second dark phase after 1 day 
of exposure (figure 4.13; S-table 14). Following 2 weeks exposure, amphipods exposed to 
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0.01µg/L S-fluoxetine spent a greater duration of time in the centre zone compared to 
other treatment groups but not compared to controls (figure 4.13; S-table 14). There was 
a significant effect of the covariate (table 4.9) indicating that total distance travelled could 
significantly impact thigmotaxis results. 
 
Table 4.9: Output from Linear Mixed Effects models for phototactic and thigmotactic 
behaviours of G. pulex exposed to S-fluoxetine. ‘Time’ represents 2-minute light : dark 
phases. Significant differences are indicated in bold. Significance level p £ 0.05.  
Phototaxis Thigmotaxis  
N- df D- df F Sig. N- df D- df F Sig. 
intercept 1 580 2332.1 <0.001 1 473 277.2 <0.001 
time 3 965 156.2 <0.001 3 607 6.4 <0.001 
treatment 4 278 1.5 0.209 4 179 2.0 0.095 
exposure 2 279 13.8 <0.001 1 179 4.2 0.042 
time * treatment 12 838 1.4 0.163 12 538 3.2 <0.001 
time * exposure 6 841 1.4 0.202 3 541 1.2 0.326 
treatment * exposure  8 278 0.6 0.786 4 178 0.1 0.966 
time * treatment * 
exposure 
24 837 0.9 0.583 12 538 0.9 0.481 
total distance 1 704 50.3 <0.001 1 690 58.7 <0.0001 
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Figure 4.13: (A-C) Phototaxis and (D-F) thigmotaxis results for G. pulex between S-
fluoxetine treatments. Error bars represent 95% confidence. Asterisks indicate 
significant differences between treatments. Significance level p £ 0.05 
 
 
4.3.3.1.3.3 Velocity 
As with the thigmotaxis data, hardware malfunction resulted in the light not turning on or 
off at the designated 2-minute intervals during the 1-week trials. As a result, organisms 
were not stimulated to alter swimming patterns during trials. The data has been included 
in the figures (highlighted), but the statistical models were run with the 1-week data 
removed. A significant effect of time was observed on the mean velocity of G. pulex (table 
4.10) with animals swimming faster during ‘light on’ phases compared to ‘light off’ (figure 
4.14). No significant effects on velocity were observed between treatment groups or with 
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duration of exposure between both 2-minute and 10-second time bins. When looking at 
the 10-second velocity data, a significant (p = 0.049) interaction between time and 
treatment was observed, with G. pulex exposed to 0.01µg/L S-fluoxetine swimming slower 
than controls during the 2-minute light phases. However, when further separating this data 
by length of exposure no significant interaction was observed (p = 0.989; figure 4.14)   
 
Table 4.10: Output from Linear Mixed Effects models for mean velocity of G. pulex 
exposed to S-fluoxetine between 2-minute and 10-second time bins. ‘Time’ represents 
2-minute light : dark phases. Significant differences are indicated in bold. Significance 
level p £ 0.05  
Velocity (2min) Velocity (10sec)  
N- df D- df F Sig. N- df D- df F Sig. 
intercept 1 186 1159.9 <0.001 1 186 1142.4 <0.001 
time 3 558 515.8 <0.001 47 8748 179.3 <0.001 
treatment 4 186 1.9 0.109 4 186 1.9 0.104 
exposure 1 186 0.3 0.605 1 186 0.4 0.544 
time * treatment 12 558 1.5 0.134 188 8748 1.2 0.049 
time * exposure 3 558 9.9 <0.001 47 8748 4.8 <0.001 
treatment * exposure 4 186 0.4 0.823 4 186 0.3 0.860 
time * treatment * 
exposure 
12 558 0.5 0.890 188 8748 0.8 0.989 
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Figure 4.14: Velocity data over time for G. pulex exposed to S-fluoxetine between treatments after 1 day, 1 week and 2 weeks exposure (top-bottom). 
Error bars represent 95% confidence. Heatmaps (right) represent mean velocity over time. 
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4.3.3.2 Water chemistry 
When assessing the influent and effluent samples from all three fluoxetine studies 
(racemate, R-fluoxetine and S-fluoxetine), norfluoxetine concentrations were below the 
method detection limit (MDL) for all samples, indicating no measurable production of the 
metabolite (S-table 10). For total fluoxetine concentrations, with the exception of an 
unexpectedly high peak in R-fluoxetine for Day 4 Influent in control and 0.01µg/L samples, 
all concentrations were within the correct order of magnitude, with maximum deviation 
from expected concentrations measured as 0±0.001, 0.01±0.01, 0.1±0.1 and 1±0.6 
throughout the study (figure 4.15). Almost all of the control samples were < MDL. For the 
0.01µg/L samples, total fluoxetine concentrations were expected to be higher in the 
influents and lower in the effluents. Day 0 influent was within the expected range, although 
the concentration for the fluoxetine study was relatively low and day 4 effluent and influent 
for the R-fluoxetine study was higher than expected (figure 4.15). With the exception of a 
low enantiomeric fraction (EF) value in day 0 influent samples for the fluoxetine study, EF 
values were reasonably consistent (figure 4.15). There was no observable difference in EF 
between the influent and effluent samples, indicating no preference in metabolism of one 
enantiomer nor any chiral reversion. Also, the concentrations for day 4 influent for the 
fluoxetine and S-fluoxetine study was a little high (~50%), however this may be due to the 
concentration being low and close to the method quantification limit (MQL) (S-table 10). 
For 0.1µg/L and 1µg/L samples, influent concentrations were greater than effluent for all 
compounds. The EF values were reasonably consistent and were within the expected range 
for the influent samples (Andrés-Costa et al., 2017; Geus et al., 2000; Kasprzyk-Hordern & 
Baker, 2012). There was no measurable change in the effluent samples, indicating no 
preference in metabolism of any one enantiomer nor any chiral reversion.  
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Figure 4.15: Water chemistry results showing total concentration of racemic fluoxetine, 
R-fluoxetine and S-fluoxetine and their respective enantiomeric fraction values (EF) for 
day 0 influent (D0 In), day 4 effluent (D4 Ef) and influent (D4 In), and day 15 effluent 
(D15 Ef) from (A) controls, (B) 0.01µg/L, (C) 0.1µg/L, and (D) 1µg/L treatments. 
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4.4. Discussion 
In this study marine and freshwater amphipods were exposed to environmentally relevant 
concentrations of fluoxetine in a series of laboratory assays. The main aims of which were 
to ascertain whether the behavioural assays developed and optimised in chapters 2 and 3 
could be used in ecotoxicology testing of behavioural modifying compounds, and to 
elucidate whether fluoxetine could impact behaviours associated with anxiety including 
phototaxis and thigmotaxis, as well as swimming parameters. The enantiomeric toxicity of 
fluoxetine was also assessed in the freshwater amphipod G. pulex to ascertain whether the 
chiral enantiomers of fluoxetine in the environment could have differential effects on 
behaviours. The transformation of metabolites and breakdown of compounds under 
laboratory conditions was also measured.  
 
Across all five experiments with E. marinus and G. pulex, few significant impacts of 
fluoxetine were observed on the behavioural endpoints that were tested. In experiment 1 
with E. marinus, fluoxetine treatment did have significant effects on all three behaviours 
measured. Animals were increasingly photonegative, and spent less time exploring open 
areas in fluoxetine treated groups compared to controls. Swimming speed was also altered 
by fluoxetine, with exposed animals swimming faster than controls during dark phases and 
slower compared to controls during light phases. It was expected that fluoxetine exposure 
would result in increased photopositive and exploratory behaviours as a result of reduced 
anxiety. However, the inverse was observed, which may be the result of the altered activity 
that was seen in this study. I.e. animals that were less active during light phases compared 
to the controls may not have crossed into light zones as often.  
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When experiment 1 was repeated, the same effects of fluoxetine on thigmotaxis 
behaviours of E. marinus were observed in that exposed animals spent less time exploring 
the centre zone. However, the concentrations which drove the significant impacts varied 
between experiments. In experiment 1 the lowest concentration (0.001µg/L) had 
significant effects on thigmotaxis behaviours, whilst the highest concentration (1 µg/L) 
produced significant effects on behaviour in experiment 2. No significant effects of 
fluoxetine treatment on phototaxis behaviours were observed in experiment 2, which may 
be attributed to the use of an upgraded behavioural chamber which could correct for an 
animal’s activity level. In experiment 1, animals could not be tracked when in the dark zone 
whereas in experiment 2, the use of custom acrylics allowed for tracking of organisms in 
both sides of the arena. The ability to track animals in both sides meant that distance 
travelled could be used as a covariate during data analysis to correct for activity levels of 
individuals. Unlike in experiment 1, the new phototaxis chamber also facilitated the use of 
an exclusion zone to prevent organisms from being in both the light and dark zone at the 
same time. When assessing velocity of E. marinus in experiments 1 and 2, fluoxetine 
exposed animals were overall more active during dark phases and less active during light 
phases compared to controls. This pattern reached significance level in experiment 1 but 
not in experiment 2. The effects of serotonin and serotonin modulating compounds on the 
phototaxis and geotaxis behaviours of E. marinus have been previously reported in the 
literature (Guler & Ford, 2010). In choice experiments, phototaxis and geotaxis scores 
increased as animals spent more time in the light and higher up in a water column. The 
behavioural scores increased in a concentration dependent manner when exposed to 
serotonin and in a non-monotonic pattern when exposed to fluoxetine. In the literature, 
previous experiments on the swimming velocity of E. marinus exposed to both fluoxetine 
and sertraline reported increased swimming speed with SSRI treatments compared to 
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controls irrespective of light or dark cycle (Bossus et al., 2014) which does not fully correlate 
with the findings in this study, as velocity was only greater than controls during 2-minute 
dark phases.     
 
Whilst the results from behavioural assays for E. marinus varied between 
experiments 1 & 2 and differed to those reported in the literature (Bossus et al., 2014; 
Guler & Ford, 2010), it is important to note that there were some differences in 
experimental design between all studies. The methods for compound preparation and 
animal exposures were the same across all experiments (including other amphipod studies 
from our lab by Guler & Ford (2010) and Bossus et al. (2014)). However, many other 
elements of the behavioural assays in this chapter and the studies in the literature differed 
including specimen collection, length of acclimation, shape and size of behavioural arenas 
and use of behavioural automaton. It was already demonstrated in chapter 2 that multiple 
parameters including the shape and size of behavioural arenas can affect amphipod 
behaviours. In experiments 1 & 2 velocity was measured in a petri-dish compared to a 6-
well plate in the study by Bossus et al. (2014). The results from chapter 2 also demonstrated 
that intensity of illumination can also significantly impact the swimming velocity of E. 
marinus. However, historically the lux conditions from behavioural studies in the literature 
have rarely been reported. A review by Walsh & Cummins (1976) provides an extensive list 
of factors that can impact the results of behavioural assays including shape, size, colour, 
texture, odour, location, and additional external cues. Of these factors, arena shape and 
size have been studied to some extent, whilst the others have yet to be explored for their 
impacts on the baseline behaviours of organisms and present an area of future study. It has 
been demonstrated that both fish and crustaceans can exhibit preferences for black or 
white arena surfaces (Fossat et al. 2014; Maximino et al. 2011), and zebrafish can discern 
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between various colours and has been used in memory and learning assays (Colwill et al. 
2005). However, to date the impacts of varying arena colour between behavioural assays 
remains unexplored. Sound pollution can impact the anti-predator responses of multiple 
fish species (Simpson et al. 2015; Voellmy et al. 2014), and the foraging and anti-predator 
responses of shore crabs (Wale et al. 2013). However, these studies assessed the impacts 
of shipping sounds, rather than the impacts of variations in ambient laboratory noise on 
behavioural assays. An amphipod study using a custom 3D printed chamber appears to be 
the first in the literature in include a textured surface to the test arena (Cartlidge et al. 
2017). Substrate points were added to the base of the arena to provide amphipods with 
grip on an otherwise smooth surface. However, the study was focussed on the microfluidic 
design of the experiment vs static design, and so the differences in behaviour between the 
textured surface compared to smooth was not explored. These factors combined make 
comparability of results difficult between behavioural studies. In experiment 1, E. marinus 
had significant effects on all behaviours, which was not repeated in experiment 2. In 
addition to the differing variables between experiments listed above, these two 
experiments also had differing acclimation periods. For experiment 1, E. marinus were 
acclimated for over a 1-month period prior to exposure, whilst for experiment 2 a 1-week 
acclimation was used. During the acclimation period of experiment 1, animals became very 
heavily loaded with external nematode and ciliate parasites (as discovered by post-
mortem, personal observations) and suffered high mortality (10%) across all treatments 
including controls during the 15-day exposure, compared to 0% mortality in experiment 2. 
It may be the case that the presence of parasites or high parasite loading can influence the 
susceptibility of amphipods to fluoxetine treatment. Some studies have shown that 
infection with pathogens can affect the susceptibility of fish to sub-lethal concentrations of 
pollutants (Clifford et al., 2005; Eder et al., 2007, 2008). To date, and to the best of the 
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author’s knowledge, the effects of high parasite loads on the susceptibility of crustaceans 
to pharmaceutical exposure remains unexplored and provides an area of future research. 
 
In experiment 3, racemic fluoxetine treatment had significant effects on the 
phototaxis and thigmotaxis behaviours of G. pulex compared to controls. This was observed 
as a non-monotonic dose response with both the lowest (0.001µg/L) and the highest (1 
µg/L) concentrations resulting in animals spending significantly more time in light zones 
and exploring open areas of arenas. These results may be representing a hormetic response 
of G. pulex to fluoxetine. Hormesis is a common phenomenon in ecotoxicology whereby 
the dose response to a pollutant is neither linear or threshold but rather U-shaped (high 
and low concentrations have significant effects), or inverted U-shape (median 
concentrations have significant effects), and has been reviewed extensively by Calabrese & 
Baldwin (2001) and Mattson (2008). Whilst there is much scepticism around hormetic 
responses in behavioural ecotoxicology, non-monotonic responses in behaviours have 
been observed in multiple studies on aquatic species (Di Poi et al., 2014; Estevez-Calvar et 
al., 2016; Huang et al., 2016; Lam et al., 2000; Wilson et al., 1987).  
 
Chiral forms of fluoxetine did not have any, significant effects on any of the 
behavioural endpoints measured for G. pulex compared to control animals. Fluoxetine’s 
two enantiomers are known to have similar potency in terms of the inhibition of serotonin 
uptake (Kasprzyk-Hordern, 2010) which may explain the lack of differences between the 
two chiral forms of fluoxetine found in this study. That said, the duration of action has been 
shown to differ between the two enantiomers. S-fluoxetine has a higher duration of action 
than R-fluoxetine due to the higher potency of its metabolite, norfluoxetine. Chiral 
norfluoxetine is formed as a result of demethylation of fluoxetine and reports suggest that 
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the metabolite S-Norfluoxetine is 1.5 times more potent than S-fluoxetine (Kasprzyk-
Hordern, 2010). Results from the water chemistry analysis found no measurable 
production of norfluoxetine metabolites, and no significant change in EF, indicating no 
preference of metabolism of one enantiomer nor any chiral reversion. There was no change 
in stereo-selectivity but a decrease of fluoxetine concentration (albeit small) was observed 
between influent and effluent samples. As tissue samples from amphipods were not taken 
in this study, it is unclear whether the decrease was through metabolism or other physio-
chemical processes such as sorption and photochemical degradation. Studies were carried 
out under dark biotic conditions which has been found to result in some degradation of 
fluoxetine (Andrés-Costa et al., 2017) however, as bottled water was used, the only 
organisms present were the G. pulex themselves and any microbial life that they would 
have adhered to their bodies. More likely the reduction in fluoxetine and enantiomer 
concentrations is due to uptake by the organisms.  Studies have shown that SSRIs have 
potential for uptake and bioaccumulation in aquatic biota with both acute and chronic 
exposure (Silva et al., 2015) and fluoxetine has been found to accumulate very quickly in 
the tissues of amphipods after just 1 day of exposure with G. pulex showing high uptake 
and limited depuration after 3 days in clean water (Meredith-Williams et al., 2012). Further 
studies on the accumulation of fluoxetine and its enantiomers in G. pulex under the 
exposure conditions used in this study would be required to say with certainty whether 
animals have accumulated the compounds equally in their tissues. Furthermore, 
differences in duration of action between S- and R- chiral enantiomers suggests that longer 
exposures may be necessary to elucidate whether fluoxetine enantiomers differentially 
impact behaviours. However, based on the accumulation data for racemic fluoxetine on G. 
pulex in previous studies (Meredith-Williams et al., 2012), the author feels that it is more 
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likely that the chiral forms of fluoxetine at the environmentally relevant concentrations 
used in this study simply have no significant impact on the behaviours that were measured.    
 
The literature appears to have mixed results with regards to the effects of fluoxetine 
on organisms. While there are a number of studies showing that fluoxetine can have 
biological effects on organisms at environmentally relevant conditions (as reviewed by Ford 
& Fong, 2015), a paper by Sumpter et al. (2014) discusses the seemingly variable effects of 
fluoxetine on animal behaviours. Discrepancies can exist within species and by endpoint. 
For example, aggressiveness is one of the most common behavioural endpoints studied in 
decapod crustaceans, and exposure to fluoxetine has been reported to both increase and 
decrease aggressive behaviours (Hamilton et al., 2016; Huber et al., 1997; Tierney et al., 
2004; Tricarico & Gherardi, 2007). In experiment 1 with E. marinus we found that fluoxetine 
treatment resulted in a general increase in thigmotaxis behaviours and photo-negativity 
i.e. less risky behaviours. This was contrary to our hypothesis that antidepressants would 
reduce anxiety, therefore increase risk-taking behaviours, but similar results have also been 
reported in fish which were wild-caught (Hedgespeth et al., 2016). In the study by 
Hedgespeth et al. (2016) wild caught perch (Perca fluviatilis) were exposed to 
environmentally relevant concentrations of fluoxetine. Exposure had no significant effects 
on anti-predator behaviours compared to controls and exposed animals were less likely to 
engage in risky behaviours. The use of wild-caught vs lab bred animals may account for 
some of the differences observed between studies in the literature. For example, to date 
there is a number of studies on anxiety behaviours using zebrafish models whereby some 
studies found significant effects of fluoxetine (Pittman & Ichikawa, 2013; Wong et al., 2013) 
while others did not (Maximino et al., 2011; Richendrfer et al., 2012). Significant differences 
in baseline anxiety behaviours have been observed when comparing wild-caught vs 
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laboratory bred zebrafish in that wild groups exhibited higher innate anxiety compared to 
domestic (Kalueff et al., 2016). Furthermore, domestic zebrafish from multiple breeders 
were found to exhibit significant differences in their baseline unconditioned anxiety 
behaviours between strains (Sackerman et al., 2010), suggesting that sourcing laboratory 
specimens from separate breeders could also cause differences in results between 
behavioural assays. Using wild-caught specimens on the other hand come with the 
additional issues associated with increased behavioural plasticity. It is known that animals 
can modify their behaviours to balance risks with rewards which can vary between 
individuals (as reviewed by Peters et al., 2017), in pharmacology behavioural plasticity has 
been termed ‘personality’ or ‘individuality’ and has been studied extensively as a factor 
that can impact behavioural studies (Carter et al., 2013). Research has revealed that 
behavioural plasticity is present in many invertebrates including crustaceans, with 
examples of multiple phenotypes between individuals reported for behaviours associated 
with mating, foraging and anti-predator or escape behaviours (Gherardi et al., 2012). These 
differences could potentially affect the outcome of behavioural assays, particularly when 
looking at individual variability in boldness behaviours. This was the case when assessing 
anxiety behaviours in rats. A study by Cools et al. (1997) separated rats into high responders 
(HR) and low responders (LR) to novelty in an open field test. HR individuals displayed 
greater susceptibility to amphetamine drugs than LR rats. In fish it has been shown that 
individuals can have multiple stress coping styles including shyness and boldness (Coleman 
& Wilson, 1998; Øverli et al., 2007). Gene expression on zebrafish after separation into shy 
and bold groups using a novel tank test, found significantly higher expression of dopamine 
D2 receptors and opioid receptors in bold fish compared to shy (Thörnqvist et al., 2019), 
and bold/shy behavioural phenotypes have been found significantly differ in their response 
to alcohol exposure with increased shoaling in bold fish while the inverse was found for shy 
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fish (Araujo-Silva et al., 2018). E. marinus appear to exhibit two behavioural phenotypes in 
their response to disturbances (unpublished observations by author). When stimulated by 
sudden light exposure, they either immediately increase swimming as an escape response 
or they freeze. As E. marinus are intertidal, they are required to deal with differing 
predation pressures when the tide is in compared to when the tide is out (i.e. fish vs bird 
predators), this could have resulted in multiple behavioural phenotypes in E. marinus in 
order to allow the population to cope with different predation styles and has the potential 
to create a lot of ‘noise’ in the data which may account for the variability in significant 
impacts of fluoxetine between studies.  
 
We hypothesised that exposure to environmentally relevant concentrations of 
fluoxetine would reduce anxiety behaviours in the form of thigmotaxis and/or phototaxis 
and could potentially have an effect on swimming behaviours and response to a 
disturbance stimuli. The experiments in this chapter did find some effects of fluoxetine on 
E. marinus and G. pulex when looking at the data set as a whole but in most cases, further 
separation of data by duration of exposure and between light phases, found few significant 
impacts of fluoxetine treatment. Whilst our hypothesis was well founded given the myriad 
of data on biological effects of fluoxetine in humans, rodents and fish species and their 
impacts on behaviour, plus the fact that altered phototaxis and thigmotaxis behaviours can 
be induced by parasites acting on the serotonergic system in amphipods, it is important to 
note that invertebrate species are biologically very different to mammalian and fish models 
meaning that pharmaceutical compounds may have differential effects. It has been 
demonstrated that while serotonin studies on invertebrates appear to have relatively 
consistent and significant impacts on behaviours, fluoxetine acting on serotonin receptors 
do not. For example, when assessing aggression in crayfish (Astacus astacus), 5-HT 
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significantly affected an animals decision to withdraw from an encounter whist fluoxetine 
had no effects (Huber & Delago, 1998). In the literature fluoxetine has been reported to 
have some unexpected effects on wildlife including toxicity to algae (Christensen et al., 
2007) with potential to alter microcosm structure (Johnson et al., 2007), effects on the 
gonadosomatic index in mussels (Peters & Granek, 2016) and siphoning ability in clams 
(Chen et al., 2015). It has also been reported that fluoxetine can have significant effects on 
Daphnia behaviours even after the 5-HT receptor has been removed (Rivetti et al., 2018) 
suggesting that the compound does not have such high specificity as originally thought.  
 
4.5. Conclusions 
In this study the effects of fluoxetine and its chiral enantiomers were assessed on two 
species of amphipod. Whilst fluoxetine treatment appeared to have an effect on some 
anxiety-related behaviours and swimming when looking at the data set as a whole, 
separating data by duration of exposure and light phase found negligible significant effects. 
No significant effects of S- and R- fluoxetine were observed on the behaviours of G. pulex. 
Racemic fluoxetine appears to increase anxiety behaviours in E. marinus and reduce anxiety 
behaviours in G. pulex but when separating data by duration of exposure and light phase 
no significant differences were found compared to controls. Whilst amphipod behaviours 
were measured successfully in this study, some variability in the results between E. marinus 
experiments highlights problems with repeatability of behavioural assays and brings 
attention to the importance of standardisation. The effects of experimental design, inter- 
and intraspecies variability, behavioural plasticity, and the use of wild caught vs laboratory 
bred specimens should be considered when performing behavioural experiments and 
comparing results within the literature. The behaviours reported in this study were 
consistent with those found in chapters 2 & 3 suggesting good repeatability of assays. A 
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system malfunction during 1-week trials for S-fluoxetine with G. pulex verified the 
importance of the light cycle as a disturbance to initiate behaviours in the thigmotaxis and 
velocity behavioural assays. The development of behavioural assays for crustacean models 
in ecotoxicology is in its infancy, here we describe a behavioural assay that has potential 
for use in assessing amphipod behaviours however further work is required to improve 
repeatability. Future work should focus on additional factors that can affect baseline 
behaviours in addition to the work outlined in chapter 2, including acclimation length and 
conditions, sex, sound pollution, and arena texture. Further work on behavioural plasticity 
and the presence of multiple behavioural phenotypes in amphipod species i.e. pre-
screening animals and separating into escape response or freezing should also be done to 
elucidate whether this could have an impact on the results of behavioural assays.  
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Chapter 5 
The effects of anxiolytics on multiple 
behaviours in amphipods 
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5.1. Introduction 
Alongside the antidepressants, anxiolytic drugs, such as the benzodiazepines 
(BZDs), are among the most commonly consumed pharmaceuticals globally (International 
Narcotics Control Board (INCB) 2017), with Europe registered as the continent with the 
highest consumption in 2007 (Calisto & Esteves, 2009). In humans, BZDs can have 
anticonvulsant, sedative and anxiolytic activity (Gardner & Piper, 1982), and are prescribed 
to treat stress and anxiety-related disorders as well as insomnia. Within the central nervous 
system (CNS), BZDs bind to the gamma-aminobutyric acid (GABA) receptor, which is highly 
conserved across animal taxa including crustaceans (Rivetti et al., 2016; Simão et al., 2019), 
and increases natural activity of the neurotransmitter GABA by either blocking GABA 
catabolism or stimulating GABA receptors (Gardner & Piper, 1982). Within environmental 
risk assessment and ecotoxicology studies, BZDs are among those pharmaceuticals less 
commonly addressed in the literature (Kosjek et al., 2012). But of the research that has 
been done, diazepam is the BZD that has been reported most in the literature, with 
concentrations reported  at 1.5-2.2ng/L in waste water effluent, and 0.25-0.39ng/g in fish 
(Meador et al., 2016). In animals, biological effects of diazepam on behaviours have been 
reported across a variety of taxa for multiple endpoints including thigmotaxis, exploration 
and locomotion in rats (Gardner & Piper, 1982; Treit & Fundytus, 1988); tank diving, 
thigmotaxis, light/dark preference and use of a refuge in fish (Bencan et al., 2009; Brandão 
et al., 2013; Pittman & Ichikawa, 2013; Richendrfer et al., 2012; Schnörr et al., 2012), and 
reproduction, locomotion, geotaxis, phototaxis and aggregation in the crustacean Daphnia 
magna (Rivetti et al., 2016; Simão et al., 2019).  Benzodiazepines have also been reported 
to have effects on crayfish stressed with electric shocks suggesting that GABA is involved in 
the regulation of crayfish anxiety behaviour (Fossat et al., 2014) 
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Oxazepam is a metabolite of diazepam and is an intermediate-acting BZD used to 
treat alcohol withdrawal and anxiety disorders. Oxazepam is the most commonly used BZD 
substance in Europe (Kurko et al., 2018), despite this, far less research has been done on 
its ecotoxicology compared to its parent compound diazepam.  Oxazepam has been found 
in concentrations ranging between 0.25-0.73ug/L in treated wastewater effluent and 0.02-
0.58ug/L in receiving rivers and streams (Calisto & Esteves, 2009; Kosjek et al., 2012; 
Meador et al., 2016). When assessing the fate of pharmaceuticals in the environment, 
moderate persistence was found for oxazepam with dissipation values (DT50) of 54 days, 
and limited tendency for sorption onto sediment in laboratory assays (Calisto & Esteves, 
2009; Kosjek et al., 2012; Loffler et al., 2005). However, Klaminder et al. (2015) discovered 
that sediment cores from lakes in Sweden contained oxazepam inputs from the early 
1970's, demonstrating high persistence in aquatic systems, despite in situ degradation 
processes and sediment diagenesis. This was against laboratory studies whereby 
incubations indicated a half-life of 50-60 days at room temperature. Assessments on the 
concentration of oxazepam in the muscle tissue of perch also indicates potential for this 
compound to bio-accumulate in animal tissues (Brodin et al., 2013; Heynen et al., 2016) 
with reported bioconcentration factors (BCFs) of 3.7 (Heynen et al., 2016). In the amphipod 
Gammarus pulex, diazepam was found to bio-accumulate in tissues with a reported BCF of 
2.48±0.399 following a three day exposure to 0.4µmolL-1 (Meredith-Williams et al., 2012). 
 
In recent years there has been an increase in the number of studies assessing the 
effects of oxazepam on animal behaviour with much of the work seemingly done on fish 
species. Effects have been observed for a number of behaviours in teleost fish including 
social behaviours and feeding rate (Brodin et al., 2013); migration success in both 
laboratory and field studies (Hellström et al., 2016); boldness including scototaxis and anti-
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predator behaviours (Brodin et al., 2017; Klaminder et al., 2016; Saaristo et al., 2019); and 
swimming/activity (Brodin et al., 2017; Chiffre et al., 2016). Studies assessing the 
behavioural effects of oxazepam in invertebrate species are currently lacking. To date, and 
to the best of the authors knowledge only one invertebrate study exists. The effects of 
environmentally relevant concentrations of oxazepam were assessed on the behaviours of 
freshwater crayfish (Kubec et al., 2019). Exposure significantly increased animal activity 
compared to controls (Kubec et al., 2019). Information on the effects of environmental 
pollutants on a wide range of taxa from multiple levels of organisation are essential for 
understanding ecological effects of compounds in natural systems. There is currently a 
paucity of data for the effects of oxazepam on invertebrate species. Both marine and 
freshwater amphipods have been used in ecotoxicology to study a range of endpoints 
including behaviour, and as a biomarker (as reviewed extensively by Kunz et al., 2010). They 
are ubiquitous to almost all aquatic systems, and constitute important ecological roles 
across a wide trophic range (Glazier, 2014), presenting a useful model for expanding 
knowledge on the effects of oxazepam in invertebrate species.      
 
In this chapter, the effects of the BZD oxazepam on behaviours associated with 
anxiety and swimming parameters in crustaceans were assessed. Studies were performed 
on two species of amphipod, Echinogammarus marinus and G. pulex, representing a marine 
and freshwater model. The effects of environmentally relevant concentrations of 
oxazepam on phototaxis, thigmotaxis and velocity were assessed. The main aims of the 
study were to assess the effects of environmentlly relevant concentrations of BZDs on 
‘anxiety-like’ and swimming behaviours of marine amphipods using behavioural assays 
developed in chapters 2 and 3, and build on current knowledge of the effects of BZDs on 
crustacean behaviours. 
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5.2. Materials and methods 
5.2.1 Animal collection and husbandry  
Specimens of E. marinus and G. pulex were collected and acclimated using the same 
locations and methods as described in chapter 2 (sections 2.2.2.1 and 2.2.3.1 respectively). 
Due to the size of experiments, oxazepam exposures were staggered, and performed as 
two experiments separated by species. All organisms were wild caught for each new 
experiment so that acclimation times remained consistent between experiments. E. 
marinus were collected on 31/10/2018 and G. pulex were collected on 22/11/2018.  
 
5.2.2 Preparation of compounds and animal exposure 
Oxazepam was sourced from Sigma-Aldrich as a dry powder (CAS: 604-75-1). All solutions 
were prepared in the absence of a solvent as oxazepam is water soluble at the 
concentrations used in this study (Calisto & Esteves, 2009). Artificial seawater (AFSW) was 
made with Red Sea Salt to a concentration of 33ppt for E. marinus, and bottled Evian water 
was used for G. pulex. For each species, four concentrations (0.001µg/L, 0.01 µg/L, 0.1 µg/L, 
and 1.0 µg/L) of oxazepam was used plus an Evian or AFSW control. Organisms were 
exposed using the same methods as described for fluoxetine studies in chapter 4, section 
4.2.3. Briefly, 20 replicates were performed per concentration with a single individual 
placed in a 227mL polypropylene dish with 80mL of oxazepam spiked water or control. 
Organisms were incubated under constant conditions, and a water change was performed 
every three days. For each experiment, animals were exposed for a total of 15 days. 
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5.2.3 Analysis of behaviour 
As with fluoxetine experiments in chapter 4, the analysis of amphipod behaviours was 
performed over a 2-day period due to the size of the experiment and the amount of time 
it would take to test all replicates. Phototaxis behaviours were assessed following 1-day, 7-
days and 14-days of oxazepam exposure, whilst thigmotaxis and velocity were assessed 
simultaneously after 2-days, 8-days and 15-days of exposure (figure 4.1). Animal 
behaviours were analysed using a DanioVision™ observation chamber connected to 
EthoVision®XT 11.5 video tracking software (TrackSys, Nottingham, UK). A detailed 
description of the hardware, software, and detection settings can be found in chapter 2 
(section 2.2.1). For all endpoints, amphipods were tracked in the DanioVision™ for a total 
of 8 minutes under a 2-minute dark : light cycle. Lights phases were intended to act as a 
disturbance to induce behavioural responses.  
 
5.2.3.1 Experiment 1 
In experiment 1 E. marinus were exposed to environmentally relevant concentrations of 
oxazepam as described in section 5.2.2. For the analysis of phototaxis behaviours a 
light/dark chamber was used which allowed for half of the arena to remain dark whilst the 
other half was lit during 2-minute light phases in the DanioVision™. The entire arena would 
remain dark during 2-minute dark phases. To measure thigmotaxis behaviours and velocity 
a deep petri dish was used with a central and outer zone marked out in the EthoVision®XT 
video tracking software. The behavioural chambers used for E. marinus were the same as 
for fluoxetine studies and so the dimensions of each can be found in chapter 4, section 
4.2.4.2 (figure 4.3). 
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5.2.3.2 Experiment 2 
In experiment 2 G. pulex were exposed to concentrations of oxazepam as described in 
section 5.2.2. As with fluoxetine studies, the phototaxis behaviours of G. pulex were 
analysed in a 4-well plate with a custom strip of acrylic which kept one half of the arena 
dark whilst the other was lit during ‘light on’ phases in the DanioVision™. For thigmotaxis 
and velocity a custom 2-well plate was used with central and outer zones marked out in 
the EthoVision®XT software. Details of the dimensions for the arenas used in this 
experiment are outlined in chapter 4 section 4.2.4.3 (figure 4.4). 
 
5.2.4 Statistics  
Phototaxis was measured as a comparison of the percent duration of time spent in dark 
and light zones. Thigmotaxis was measured as a comparison of percent duration of time 
spent in central and outer zones. Extreme anomalous values generated by loss of tracking 
by the EthoVision®XT software were excluded from the data analysis (as defined by values 
> median ±3*IQR) and never removed more than 3% of data points. Statistical analysis of 
behavioural data was performed in IBM SPSS Statistics 24. The same models were used as 
described for fluoxetine exposures in chapter 4 section 4.2.5. Briefly, LMEs were used for 
all comparisons. Time (i.e. light or dark phase), oxazepam treatment, and length of 
exposure were input as fixed effects. Individual animals were each assigned a unique ID 
which were used as the random effects in the LME model. Total distance was used as a co-
variate in phototaxis and thigmotaxis assays to correct for animals that did not move during 
trials (Parker, 2016). Velocity was assessed in both 10-second and 2-minute time bins. 
Tukey’s pairwise comparisons were used for Post Hoc analysis with Bonferroni adjustments 
to correct for type-II errors. P-values of £ 0.05 were considered significant. 
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5.3. Results   
5.3.1 Experiment 1: E. marinus oxazepam exposure 
5.3.1.1 Phototaxis  
In experiment 1, time had a significant effect on phototaxis behaviours in E. marinus (table 
5.1) with animals spending significantly (p < 0.001) less time in the light zone during ‘light 
on’ phases compared to ‘light off’ (figure 5.1). No significant impacts of oxazepam were 
observed between treatment groups when looking at the entire data set (p = 0.311), but a 
significant interaction was found between treatments with light phase (p = 0.026). This 
interaction was driven by E. marinus exposed to 0.001µg/L of oxazepam (figure 5.1; S-table 
15). Animals in the lowest treatment group spent significantly (p = < 0.05) more time in the 
light zone during the second dark phase after 1 week of exposure compared to 0.01µg/L 
and 0.1µg/L (figure 5.1; S-table 15). The inverse was observed in the first dark cycle after 2 
weeks of exposure with animals in the 1µg/L group spending more time in the light zone 
compared to controls and the 0.001µg/L treatment group (figure 5.1; S-table 15). There 
was a significant effect of the covariate (table 5.1) indicating that total distance travelled 
could significantly impact phototaxis results. 
 
5.3.1.2 Thigmotaxis 
No significant effects (p > 0.05) of oxazepam were observed on thigmotaxis behaviours in 
E. marinus for all comparisons (table 5.1; figure 5.1). There was a significant effect of the 
covariate (table 5.1) indicating that total distance travelled could significantly impact 
thigmotaxis results. 
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Table 5.1: Output from Linear Mixed Effects models for phototactic and thigmotactic 
behaviours in E. marinus exposed to oxazepam. ‘Time’ represents 2-minute light : dark 
phases. Significant differences are highlighted in bold. Significance level p £ 0.05.  
Phototaxis Thigmotaxis  
N- df D- df F Sig. N- df D-df F Sig. 
intercept 1 685 202.5 <0.001 1 797 177.5 <0.001 
time 3 864 333.5 <0.001 3 831 1.2 0.288 
treatment 4 272 1.2 0.311 4 273 1.7 0.141 
exposure 2 274 3.8 0.022 2 283 0.6 0.534 
time * treatment 12 819 1.9 0.026 12 800 0.9 0.520 
time * exposure 6 822 1.4 0.199 6 801 1.2 0.300 
treatment * exposure  8 272 1.3 0.229 8 273 0.6 0.767 
time * treatment *exposure 24 818 1.3 0.178 24 800 1.1 0.306 
total distance 1 809 11.0 0.001 1 1018 20.3 <0.001 
 
 
 
Figure 5.1: (A-C) Phototaxis and (D-F) thigmotaxis results for E. marinus between 
oxazepam treatments. Error bars represent 95% confidence. Asterisks indicate 
significant differences between treatments. Significance level p £ 0.05   
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5.3.1.3 Velocity 
There was a significant effect of time on the mean velocity of E. marinus (table 5.2) with 
animals swimming faster during ‘light on’ phases compared to ‘light off’ (figure 5.2). The 
response to light was significantly greater after 1 week of exposure compared to 1 day and 
2 weeks (p < 0.001; figure 5.2). No significant impacts of oxazepam were observed between 
treatments when looking at the dataset as a whole for both 2-minute and 10-second time 
bins. Data separated into 2-minute bins found no significant interaction between time and 
treatment (p = 0.307). When splitting data into 10-second time bins a significant interaction 
was observed (p = 0.007) however, pairwise comparisons revealed that these were 
between oxazepam treatments and none were significantly different (p > 0.05) when 
compared to control animals. No significant interaction (p > 0.05) between treatments with 
light phase and length of exposure was observed in velocity for either time bin (table 5.2).  
 
Table 5.2: Output from Linear Mixed Effects models for mean velocity of E. marinus 
exposed to oxazepam between 2-minute and 10-second time bins. ‘Time’ represents 2-
minute light : dark phases. Significant differences are highlighted in bold. Significance 
level p £ 0.05.  
Velocity (2min) Velocity (10sec)  
N- df D- df F Sig. N- df D- df F Sig. 
intercept 1 278 2348.1 <0.001 1 278 2264.8 <0.001 
time 3 834 93.9 <0.001 47 13013 60.6 <0.001 
treatment 4 278 0.1 0.968 4 278 0.1 0.972 
exposure 2 278 23.2 <0.001 2 278 22.2 <0.001 
time * treatment 12 834 1.1 0.307 188 13013 1.3 0.007 
time * exposure 6 834 4.1 <0.001 94 13013 2.7 <0.001 
treatment * exposure 8 278 0.8 0.619 8 278 0.7 0.653 
time * treatment * 
exposure 
24 834 0.7 0.887 376 13013 0.8 1.000 
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Figure 5.2: Velocity data over time for E. marinus exposed to oxazepam between treatments after 1 day, 1 week and 2 weeks exposure (top-bottom). 
Error bars represent 95% confidence. Heatmaps (right) represent of mean velocity over time.  
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5.3.2 Experiment 2: G. pulex exposed to oxazepam 
5.3.2.1 Phototaxis  
In experiment 2, a significant effect of time was observed on phototaxis behaviours in G. 
pulex (table 5.3) with less time spent in the light zone during ‘light on’ phases compared to 
‘light off’ (figure 5.3). Oxazepam exposure had no significant effects on phototaxis 
behaviours compared to controls (p > 0.05) however, amphipods exposed to 0.001µg/l 
oxazepam spent significantly more time in the light side of the arena during the first ‘light 
on’ phase after 1 day of exposure compared to 0.1µg/l (figure 5.3). There was a significant 
effect of the covariate (table 5.3) indicating that total distance travelled could significantly 
impact phototaxis results. 
 
5.3.2.2 Thigmotaxis 
Thigmotaxis behaviours showed significant differences between light phase (p < 0.001) 
with animals spending more time exploring central zones during dark phases compared to 
light phases (figure 5.3). Oxazepam exposure had no significant (p > 0.05) effects on 
thigmotaxis behaviours between treatments or with length of exposure (table 5.3).  
 
Table 5.3: Output from Linear Mixed Effects models for phototactic and thigmotactic 
behaviours of G. pulex exposed to oxazepam. ‘Time’ represents 2-minute light : dark 
phases. Significant differences are indicated in bold. Significance level p £ 0.05.  
Phototaxis Thigmotaxis  
N-df D-df F Sig. N-df D-df F Sig. 
intercept 1 679 196.9 <0.001 1 800 75.2 <0.001 
time 3 970 90.6 <0.001 3 890 9.7 <0.001 
treatment 4 278 0.9 0.439 4 275 0.4 0.817 
exposure 2 278 2.7 0.067 2 275 0.7 0.473 
time * treatment 12 839 1.2 0.269 12 796 1.4 0.175 
time * exposure 6 845 3.7 0.001 6 797 1.2 0.296 
treatment * exposure 8 278 1.1 0.347 8 274 1.0 0.445 
time * treatment * exposure 24 839 1.0 0.394 24 795 0.9 0.630 
total distance 1 819 17.5 <0.001 1 1032 0.2 0.654 
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Figure 5.3: (A-C) Phototaxis and (D-F) thigmotaxis results for G. pulex between 
oxazepam treatments. Error bars represent 95% confidence. Asterisks indicate 
significant differences between treatments. Significance level p £ 0.05   
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5.3.2.3 Velocity 
No overall effects of oxazepam (p > 0.05) was observed for both 2-minute and 10-second 
data. A significant effect of time was observed on the mean velocity of G. pulex (table 5.4) 
with animals swimming faster during ‘light on’ phases compared to ‘light off’ (figure 5.4). 
There was a significant (p < 0.05) interaction between treatment groups with light phases 
(table 5.4) in that oxazepam exposed animals had decreased swimming velocity compared 
to controls during light phases (figure 5.4). Significant differences were observed during 
both light phases, across all concentrations following 1 day of exposure (figure 5.4; S-table 
16).  
 
Table 5.4: Output from Linear Mixed Effects models for mean velocity of G. pulex 
exposed to oxazepam between 2-minute and 10-second time bins. ‘Time’ represents 2-
minute light : dark phases. Significant differences are indicated in bold. Significance 
level p £ 0.05.  
Velocity (2min) Velocity (10sec)  
N- df D- df F Sig. N- df D- df F Sig. 
Intercept 1 278 2358.4 <0.001 1 277 2499.7 <0.001 
time 3 834 1310.6 <0.001 47 12958 486.4 <0.001 
treatment 4 278 1.4 0.236 4 277 1.3 0.284 
exposure 2 278 2.8 0.065 2 277 3.8 0.024 
time * treatment 12 834 1.9 0.031 188 12958 2.2 <0.001 
time * exposure 6 834 4.6 <0.001 94 12958 3.7 <0.001 
treatment * exposure 8 278 0.6 0.755 8 277 0.5 0.821 
time * treatment * 
exposure 
24 834 0.6 0.955 376 12958 1.0 0.585 
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Figure 5.4: Velocity data over time for G. pulex exposed to oxazepam between treatments after 1 day, 1 week and 2 weeks exposure (top-bottom). Error 
bars represent 95% confidence. Heatmaps (right) represent mean velocity over time with asterisks showing significant differences compared to controls. 
Significance level p £ 0.05      
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5.4. Discussion 
In this study a marine and freshwater amphipod were exposed to environmentally relevant 
concentrations of the benzodiazepine oxazepam. Multiple behaviours were assessed 
including phototaxis and thigmotaxis which have been used extensively in pharmacological 
studies, and more recently in ecotoxicology to represent ‘anxiety-like’ behaviours. No 
significant effects were observed in phototactic or thigmotactic behaviours for both 
species. Oxazepam treatments had no significant effects on the swimming velocity of E. 
marinus. For G. pulex, oxazepam exposure reduced swimming speed for all treatment 
groups compared to controls during the first light phase after 1 day of exposure. However, 
pairwise comparisons only found significant differences compared to controls for the two 
lowest concentrations (0.01 & 0.001µg/L). Other light phases and durations of exposure 
were unable to elicit any further significant differences in swimming of any treatment 
groups compared to controls. 
  
In crustaceans it is known that the GABA uptake mechanism has a direct influence 
on the excitability of the X-organ neurons in decapods. The X-organ is the major 
neurosecretory structure, participating in the control of different functions such as 
moulting, regulation of blood sugar levels, shell formation, retinal pigment position, 
locomotion and neuronal activity (Garduño et al., 2002). Stimulation of the optic nerve in 
crayfish has been shown to induce the release of GABA, suggesting its role as a transmitter 
of light-induced responses in the neurosecretory cells (García et al., 1994). In crab larvae 
GABAnergic signalling was also found to be necessary for predator kairomone detection 
(Charpentier & Cohen, 2016). To date, much of the work on GABA pathways in crustaceans 
has focused on crayfish, with  GABA mediating BZDs found to reduce anxiety behaviours 
such as scototaxis in pre-stressed crayfish (Fossat et al., 2014). Furthermore,  
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environmentally relevant concentrations of oxazepam significantly increased crayfish 
activity compared to controls (Kubec et al., 2019). GABA receptors have also been observed 
in other crustacean species including Daphnia magna (Gunnarsson et al., 2008) with effects 
of the BZD diazepam found to enhance reproduction at 0.1µg/L and increase positive 
phototaxis at 1µg/L (Rivetti et al., 2016). A significant decrease in response to light, activity 
and social aggregation was observed at both 0.1µg/L and 1µg/L. Based on the results from 
studies in the literature on crustaceans, it was hypothesised that the BZD oxazepam would 
have significant effects on the phototaxis and thigmotaxis of amphipods. The results from 
this study went against our hypothesis in that no significant impacts of oxazepam was 
observed for the behaviours that were measured. The lack of significant effects found in 
this study indicate that either oxazepam or the GABA pathway itself does not have an effect 
on these endpoints in amphipods. Previous studies suggest that phototaxis and geotaxis 
behaviours are controlled by serotonin in amphipods (Guler & Ford, 2010). Exposing E. 
marinus to a concentration gradient of 5-HT resulted in a linear increase in positive 
phototactic and geotactic behaviours (Guler & Ford, 2010; Helluy & Holmes, 1990; Tain et 
al., 2006). In the same study, infection with a behaviour altering parasite produced the 
same behavioural effects as that of 5-HT exposure. Amphipods infected with 
acanthocephalan parasites are strongly photophilic and, upon mechanical disturbance, will 
swim to the surface and cling to floating materials where they are exposed and more visible 
to bird or fish predators (Bakker et al., 1997; Bauer et al., 2005; Bethel & Holmes, 1973). 
There are a number of studies to support that this is done by altering the serotonergic 
pathway (Helluy, 2013; Helluy & Holmes, 1990; Tain et al., 2006, 2007). A study by Bossus 
et al. (2013) combined a behavioural assay with transcriptomics following exposure to SSRIs 
sertraline and fluoxetine. Changes in swimming behaviour were associated with alterations 
in the up and down regulation of genes associated with serotonin metabolic pathways. 
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Unlike other psychotropic compounds which work directly on the serotonin pathway, the 
benzodiazepines acting on GABA receptors may not elicit any profound effects on 
amphipod behaviours. Studies similar to the experiments by Bossus et al. (2013) could 
elucidate this by running behavioural assays alongside genomic or transcriptomic 
assessment. The sensitivity of the amphipod species to the behavioural assays may also 
have an impact on the results from this study. Bourin & Hascoët (2003) stated that ‘The 
extent to which an anxiolytic can facilitate exploratory behaviours depends on the baseline 
level in the control group’ which could also explain some of the results found in this study. 
For example, in chapter 2 of this thesis we found that baseline unconditioned behaviours 
of our marine species E. marinus exhibit very strong thigmotaxis and reluctance to enter 
the centre zone of an arena. If animals naturally exhibit no exploratory behaviour it is 
unlikely that an anxiolytic will have as much of an impact compared to an animal that is 
more willing to explore. Finally, there is also a possibility that oxazepam is not taken up by 
the animals through exposure via water. As accumulation or depurination of oxazepam in 
our amphipod species was not measured in this study we cannot state with certainty. 
However, studies on teleost fish suggest that environmentally relevant concentrations 
(1.8µg/L) of oxazepam can accumulate in muscle tissue after 7 days (Brodin et al., 2013) 
and G. pulex exposed to 0.4µmol/L diazepam for 48hr had a BCF of 37.47 (Meredith-
Williams et al., 2012) suggesting that BZDs can be taken up from ambient water into 
amphipod tissues. Further work assessing how BZDs such as oxazepam affect amphipods 
at the molecular level and on acclimation of oxazepam in both species at the low doses 
used in this study would provide useful information to help elucidate the reasoning behind 
the no observed effects on phototaxis and thigmotaxis observed in this study. 
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Whilst no significant impacts of oxazepam were observed for phototaxis and 
thigmotaxis behaviours in G. pulex, effects were found on swimming velocity. This has also 
been seen in perch (Perca fluviatilis) whereby low concentrations of oxazepam resulted in 
increased activity compared to controls, but boldness (measured as latency to enter a novel 
environment) was unaffected (Brodin et al., 2013). Effects on swimming were only 
observed during the first light disturbance after 1 day of exposure which may be the result 
of habituation of animals to the test arena once the arena is no longer novel.  Habituation 
is a common phenomenon when assessing animal behaviours, and represents attenuation 
of innate behaviours over time, following placement in a novel arena, as subjects become 
accustomed to the environment (Wong et al., 2010). Intra-session habituation reflects 
spatial working memory, whereas inter-session habituation is commonly used to assess 
middle- and long-term spatial memory. Several studies suggest that zebrafish can habituate 
to various stimuli including exploration in a novel tank test (Cachat et al., 2010; Parker, 
2016; Wong et al., 2010), scototaxis in a light/dark box (Blaser & Rosemberg, 2012), 
locomotion (MacPhail et al., 2009), and startle reflex (Eddins et al., 2010; Levin et al., 2009). 
Increased length of acclimation time in a novel arena has also been found to significantly 
impact swimming parameters in fish with decreases in velocity correlating to increased 
habituation to a novel tank (Melvin et al., 2017).  Withdrawal syndrome has also been 
modelled in zebrafish following exposure to ethanol, diazepam, morphine and caffeine 
(Cachat et al., 2010) suggesting that animals can become tolerant to or dependent on 
compounds over time with prolonged exposure. In this study, amphipods that were 
assessed following 1 day of exposure would find themselves in a novel arena. As the same 
organisms were used for the 1-week and 2-week exposures, future behavioural 
assessments were performed in an arena that was no longer novel to the individuals. 
Whether the reduction in behavioural impacts over time were the result of habituation to 
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the test arena or increased tolerance to the drug could be elucidated by repeating the 
experiment with more replicates and only testing each organism once for each length of 
exposure.   
 
Unlike with G. pulex, oxazepam exposure did not have any significant impacts on 
the swimming behaviour of E. marinus. In chapter 3 of this thesis we found that the two 
species of amphipod used in this study, whilst seemingly similar, could have significant 
differences in their baseline unconditioned behaviours. The effects of inter-species 
variability in behaviours on the outcome of ecotoxicology studies has been discussed in 
detail in chapters 3 and 4. As significant differences in sensitivity to oxazepam can vary 
between organisms within the same taxonomic order, it is not surprising that the results 
from this study differ from some of the species reported in the literature. Most of the 
studies have focussed on a select number of species of decapod and cladoceran. It is 
possible that while GABA is strongly conserved, and found to have effects in some 
crustacean species, the species tested in this assay were not susceptible to these 
concentrations of oxazepam and/or the tested behaviours. This phenomenon is not 
uncommon in the literature and has been reported by Brodin et al. (2017). Studies on the 
behavioural effects of oxazepam at environmentally relevant concentrations have 
generated ambiguous results in that significant effects were found for some species 
including European perch (Perca fluviatilis) (Brodin et al., 2013, 2014; Klaminder et al., 
2016) and Atlantic salmon (Salmo salar) (Hellström et al., 2016), whilst no effects were 
observed for other species such as the fathead minnow (Pimephales promelas) (Huerta et 
al., 2016).  
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5.5. Conclusions 
In this chapter, effects of the benzodiazepine oxazepam on the behaviours of a marine and 
freshwater amphipod were assessed. No significant impacts on anxiety-like behaviours 
were observed which may be attributed to the neurological pathway that controls the 
behaviours that were measured in these amphipod species. Swimming in G. pulex was 
reduced after 1 day of exposure to oxazepam but animals appear to have habituated to 
either the drug or the behavioural arena during the second light phase and after 1- and 2-
weeks of exposure as response to stimuli was reduced both between consecutive light 
cycles and repeated behavioural assessment. No effects of oxazepam were observed in the 
swimming behaviours of E. marinus highlighting the importance of using multiple species 
in ecotoxicology testing due to differences in species sensitivity.  To date there have been 
very few studies assessing the effects of environmentally relevant concentrations of 
oxazepam on invertebrates, particularly those of ecotoxicological importance. The results 
from this study can build on current data bases for invertebrate species and further shows 
that behaviour in amphipods can be a useful endpoint in ecotoxicology testing. Further 
work on gene expression in amphipods would help to elucidate how oxazepam acts on 
these animals and aid in accurate interpretation of behavioural results.  
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Chapter 6 
High throughput screening of 
psychotropic compounds: effects on 
swimming behaviours in Artemia 
franciscana    
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6.1. Introduction 
One of the main challenges facing regulatory risk assessment is the speed with which we 
can assess the sub-lethal effects of pollutants (Simão et al., 2019). Behavioural responses 
have been indicated as a useful endpoint as they tend to be more sensitive than lethality 
and faster than endpoints for growth, development and reproduction (Melvin & Wilson, 
2013). However, the use of animal behaviours in environmental risk assessment is currently 
hindered by a lack of optimisation and standardisation of behavioural assays (Melvin & 
Wilson, 2013; Parker, 2016). In chapters 2 and 3 we demonstrate that multiple factors 
including the shape and size of arenas, and species chosen, can all impact the results of 
behavioural assays. It was concluded in these earlier chapters, that collection of data on 
the baseline unconditioned behaviours of the test species, and carefully designed assays, 
were necessary for improving repeatability of experiments and for reliable interpretation 
of results. In addition to standardisation, a deficiency in both user-friendly and cost-
effective behavioural automaton provides additional limitations to the wider employment 
of behavioural toxicity tests (Mills et al., 2006). In Chapter 2 it was reported that, depending 
on the endpoint, there is a trade-off between high-throughput analysis and providing 
‘space to behave’. In this instance, to simultaneously analyse multiple individuals of larger 
species, would require a larger experimental set up of which current commercial 
behavioural hardware systems such as the ZebraBox (Viewpoint) or the DanioVision™ 
(Noldus) are currently un-equipped. To combat these problems, one could use a larger 
experimental set up without the use of behavioural hardware as with the novel tank test, 
open field test, elevated plus maze and light/dark box used for rodents (Bourin & Hascoët, 
2003; Gannon et al., 2011; Lipkind et al., 2004; Martin-Arenas & Pintado, 2014); fish 
(Holcombe et al., 2013; Iturriaga-Vásquez et al., 2012; Maximino et al., 2010, 2011; 
Ninkovic & Bally-Cuif, 2006; Stewart et al., 2015; Vera-Chang et al., 2018); and some larger 
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decapod crustaceans (Fossat et al., 2014; Mesquita et al., 2011; Tierney et al., 2016). 
However, these behavioural assays come with their own set of issues including 
standardised control of the external environment such as illumination, sound, colour, and 
presence of an observer (as outlined in a review by Walsh & Cummins, 1976). The use of 
behavioural hardware such as the DanioVision™ observation chamber mitigates some of 
the issues of standardisation by providing a controlled environment within which to 
perform behavioural assays. However, to make assays in this system more high-
throughput, a switch to smaller species for behavioural assays is required. In recent years, 
there have been some excellent examples of automated high-throughput behavioural 
assays with crustacean species. Micro-fluidic behavioural chambers were developed for 
amphipods (Allorchestes compressa) and brine shrimp (Artemia franciscana) (Cartlidge et 
al., 2017; Huang et al., 2016; Wlodkowic et al., 2011) and proved to be sensitive assays for 
measuring alterations in swimming and locomotion in the presence of behaviour modifying 
compounds. These advanced chambers, however, are not yet commercially available, so 
require 3-D printing facilities to perform. Other studies on zebrafish larvae have 
successfully used a static, multi-well plate system for high-throughput assessment of 
compounds on swimming, social, and anxiety behaviours (Richendrfer et al., 2012; Schnörr 
et al., 2012). A multi-well plate system is desirable as the plates have standardised 
dimensions, are readily available, and are compatible with commercial behavioural 
hardware. To the authors knowledge multi-well plate methods are yet to be translated to 
invertebrate models. In chapters 2 and 3 multi-well plate methods were the first to be 
applied to amphipod species. However, it was apparent that providing enough space for 
these animals to behave came at the cost of high-throughput analysis. In this chapter we 
explore the process of increasing the throughput of the assays developed in previous 
chapters by translating these methods to a smaller crustacean model.  
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Brine shrimp or Artemia spp are small crustaceans adapted to hyper-salinity, dry or 
harsh conditions, and are closely related to other zooplanktons such as the freshwater 
Daphnids (Lu & Yu, 2019). Artemia spp have been used as a model species in ecotoxicology 
testing for more than five decades to assess the potential impacts of environmental 
pollutants (see reviews by Lu & Yu, 2019; Persoone & Wells, 1987), and are desirable due 
to their rapid hatching, cost effectiveness, and commercial availability. Artemia spp cysts 
can be sourced with standardised toxicity kits and hatched under controlled conditions in 
the lab for fast screening of toxicity in lethality tests (LC50s). Other endpoints, including 
behaviour, have also proved useful in ecotoxicology testing. The Swimming Speed 
Alteration (SSA) test was developed by Faimali et al. (2006) with barnacle larvae, and used 
video tracking for high-throughput assessment of swimming behaviour. The methods 
outlined by Faimali et al. (2006) have since been applied to Artemia spp by Garaventa et al. 
(2010) and Manfra et al. (2015) who found swimming speed to be more sensitive as an 
endpoint than mortality. Artemia spp also exhibit other behaviours that have been used 
historically in ecotoxicology testing including phototaxis (Bradley & Forward., 1984; Dojmi 
Di Delupis & Rotondo, 1988; Saunders et al., 1985), but these have used simple methods 
without automation. 
 
In this study, brine shrimp A franciscana were exposed to fluoxetine hydrochloride, 
oxazepam, amitriptyline hydrochloride, and venlafaxine hydrochloride; representing the 
most prescribed compounds from four separate classes of antidepressants and anxiolytics 
with varying modes of action (MOA). The MOA; presence in aquatic environments; and 
effects on animal behaviours of the SSRI antidepressant fluoxetine and the BZD anxiolytic 
oxazepam have been described in detail in chapters 4 and 5 respectively. Amitriptyline is a 
tricyclic antidepressant (TCA) that works by inhibiting serotonin and norepinephrine uptake 
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in the presynaptic nerve, reducing hyperactivity of the hypothalamic-pituitary-adrenal axis. 
Of the TCAs, amitriptyline is the most prescribed and is also used in veterinary medicine 
(Calisto & Esteves, 2009; Halling-SØrensen et al., 1998). Removal via WWTPs is relatively 
high in comparison to other pharmaceutical compounds (Petrie et al., 2014), however, 
removal is not complete with concentrations reported to range between <2 - 357ng/L in 
effluents; 263 - 632ng/g in bio-solids; and <0.5 - 72ng/L in surface waters (Kasprzyk-
Hordern et al., 2009; Lajeunesse et al., 2012; Minguez et al., 2014; Petrie et al., 2014). Trace 
levels of pharmaceuticals including amitriptyline have also been found in treated drinking 
water (Togola & Budzinski, 2008). Previous studies with amitriptyline on animal behaviours 
have focussed predominantly on rodents for preclinical trials which use un-
environmentally relevant concentrations. The effects of amitriptyline have been reported 
for a range of behavioural endpoints in rodents including reduced activity (Subramanian & 
Subbaraj, 1990); impacted anxiety behaviours (Enginar et al., 2008; Manning et al., 2014); 
reduction in learning and memory (Parra et al., 2009); and reduced foraging/food intake 
(Egan et al., 1979). In invertebrates, amitriptyline has been found to impact mating 
behaviours in the fruit fly Drosophila melanogaster (Shakunthala et al., 2014) and can have 
negative impacts on the righting response of marine and freshwater snails (Fong et al., 
2019). As far as the author is aware, the work by Fong et al. (2019) on snails represents the 
only study assessing the effects of amitriptyline on the behaviours of aquatic invertebrates 
and found effects at the lowest concentrations of all amitriptyline behavioural studies in 
the literature. However, concentrations that caused significant effects on snail behaviour 
were still greater than those reported in the environment. Other studies assessing the 
metabolome of aquatic organisms have found evidence of oxidative stress in the brain and 
liver of gilthead bream (Sparus aurata) following exposure to environmentally relevant 
concentrations (200ng/L) of amitriptyline (Ribbenstedt et al., 2019), and alterations on the 
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hypothalamic-pituitary-adrenal axis (HPA) and antioxidant system of zebrafish at 
concentrations as low as 100ng/L (Yang et al., 2014). 
 
Venlafaxine is a selective serotonin and norepinephrine reuptake inhibitor (SNRI), 
and is an antidepressant usually prescribed in humans when SSRIs have been ineffective 
(Calisto & Esteves, 2009). In a study by Lajeunesse et al. (2012) the presence of 
antidepressants and their metabolites in 5 different WWTPs in Canada were assessed. Of 
the 13 compounds that were detected, venlafaxine and its metabolite were measured at 
the highest concentrations, and removal rates in WWTPs were low, ranging between 12-
30% (Lajeunesse et al., 2012), leading to relatively high environmental concentrations 
compared to other psychotropic compounds (Calisto & Esteves, 2009). Venlafaxine has 
been reported in a range of in 788 - 2982ng/L in influents; 600 - 1454ng/L in effluents; 289 
- 499ng/g in biosolids; and 187ng/L in surface waters (Lajeunesse et al., 2012; Minguez et 
al., 2014). Studies on rodents have found that venlafaxine can increase 5-HT by up to 400% 
of basal values (David et al., 2003) and has been shown to impact behaviours associated 
with anxiety/boldness such as increased locomotion and exploration  (McGrath & Norman, 
1998; Nowakowska et al., 2012); reversal of chronic stress symptoms (De Oliveira et al., 
2004; Wang et al., 2016) and attenuation of withdrawal symptoms (Fadaei-Kenarsary et al., 
2015). Exposure of fish to 250µg/L venlafaxine, significantly increased time to capture prey 
and decreased brain serotonin concentrations in hybrid striped bass (Bisesi et al., 2014). 
For invertebrate species, traditional toxicity endpoints have reported effects of venlafaxine 
at concentrations above those reported in the environment. For example, the EC50 for 
immobilisation on Daphnia magna was 141.28mg/L (Minguez et al., 2014).  However, when 
looking at non-traditional endpoints, impacts on aquatic invertebrates can be seen at 
concentrations of ecological relevance. In marine snails, venlafaxine was found to induce 
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foot detachment and increase crawling speed (Fong et al., 2015; Fong & Molnar, 2013) at 
concentrations up to 700x lower than those reported from North American and European 
WWTPs (Fong & Hoy, 2012).   
 
In the literature, most studies assessing the ecological effects of antidepressants 
and anxiolytics have focused on fluoxetine. Few have examined the effects of other 
psychotropic compounds, and fewer still have assessed their effects on aquatic 
invertebrates. Planktonic crustaceans share with vertebrates several of the 
neurotransmitters that are targeted by neuroactive drugs. Including serotonin, dopamine, 
epinephrine and GABA receptors (Simão et al., 2019). This makes is possible for 
psychotropic compounds to have effects on non-target organisms in the environment. The 
main aims of the studies in this chapter were to develop a standardised high-throughput 
behavioural assay for aquatic invertebrates for use in toxicity testing, and to assess the 
effects of a range of psychotropic compounds with varying modes of action on crustacean 
behaviour.  Behavioural assays were developed for A. franciscana and data on the baseline 
unconditioned swimming behaviours, phototaxis and photosensitivity were collected. 
Following assay development, A. franciscana were exposed to three antidepressants and 
an anxiolytic at environmentally relevant concentrations and swimming behaviours were 
assessed.  
 
 
 
 
 
 
196 
 
6.2. Materials and methods 
6.2.1 Animal culture and husbandry 
The experimental set up is outlined in figure 6.1. A. franciscana were purchased from Micro 
Biotests Inc. as dried cysts and hatched in a 1L separating funnel connected to an air pump. 
This provides both oxygenation and keeps the cysts suspended in constant motion which 
was necessary for a high yield of nauplii. Following hatching, organisms were transferred 
to a 5L aquarium with an air stone. The hatchery and aquaria were set up within an 
incubator to keep temperature and light conditions consistent. Cool white fluorescent 
lamps were used, and light intensity ranged between 1665-1608 Lux (21.73-22.51 µmol s-1 
m-2) from the top to the bottom of the incubator respectively. Hatching and growth 
parameters were in accordance with the MicroBioTests Artoxkit M protocol. Artificial 
seawater (AFSW) was used at 35ppt and a constant temperature of 21oC±1. A 12:12 light  : 
dark regime was used during both hatching and growth of organisms. Once nauplii were 
transferred from the separating funnel to the growing aquaria, a water change was 
performed every 3 days, and animals were fed 2-4 drops of concentrated algae solution 
containing Nannochloropsis spp and Tetraseimis spp (purchased from Amazon.co.uk by 
supplier Phyto Plus) every 1-2 days. The amount of food added was judged by eye based 
on the colour of the aquarium water, as per instructions on the algae solution bottle, to 
obtain a light green tint to the culture water.  
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Nauplii were kept in the growing aquaria and reared to adult stage (figure 6.2). 
Adults were used for behavioural studies as, due to the resolution of the camera in our 
behavioural system, and the small size and transparency of nauplii, we were unable to 
effectively track organisms until adult size was reached. Additionally, a study by Huang et 
al (2016) found that Instar stage l of nauplii were less sensitive than stages ll and lll to 
cadmium and potassium exposure. The authors hypothesised that this may be because 
their digestive tracts were not yet connected to the external environment, which could 
limit uptake. It took between 3-4 weeks to rear A. franciscana from Instar stage I (figure 
6.2a) to trackable sized adults (figure 6.2d).   
   
Figure 6.1: Experimental set up of A. franciscana hatchery and growth aquaria. (A) Light 
source, (B) air pump connected to (C) separating funnel for hatching cysts and (D) white 
opaque aquaria for growing nauplii to adults.  
A 
B 
C 
D 
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Figure 6.2: Growth of A. franciscana from (A) nauplius larva Instar stage I, (B) 
comparison of shape and size of instar stages I and II, (C) metanauplius larva Instar 
stage II, and (D 1-2) adult male and female respectively.    
 
6.2.2 Measuring behaviour 
All behaviours were measured using a DanioVision™ observation chamber (Noldus) 
connected to EthoVision®XT 11.5 software (TrackSys, Nottingham, UK). A detailed 
description of both the hardware and software can be found in chapter 2, section 2.2.1. 
Briefly the observation chamber was comprised of an external hood and internal holder for 
a multi-well plate. The holder is infra-red backlit with an additional cold white light source 
which can be programmed to operate automatically. Together these provide a controlled 
environment for behavioural experiments. The EthoVision®XT 11.5 software can measure 
a variety of parameters associated with movement and activity simultaneously and can be 
programmed to operate DanioVision™ hardware.  
A B 
C D 
1 2 
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6.2.3 Preliminary studies 
Prior to psychotropic exposures, preliminary tests were done, as with amphipod species in 
chapters 2 and 3, to determine the optimal arena size for behavioural assays. Standard 
Thermo Scientific ‘Nunc’ 6-well, 12-well and 24-well plates (sourced from Thermo Fisher 
Scientific) were used to measure the baseline unconditioned behaviours of A. franciscana.   
 
6.2.3.1 Velocity 
To measure swimming speed, animals were gently transferred from growth tanks and 
loaded into multi-well plates using a plastic Pasteur pipette. The pipette was widened by 
cutting the tip so that A. franciscana could be transferred without physical damage and to 
reduce stress, and a single individual was placed in each well. For ease of writing the 24-
well, 12-well and 6-well plate will be henceforth referred to as small, medium, and large 
arenas respectively. Each well was filled to half of its maximum volume with AFSW which 
allowed for free horizontal swimming but limited vertical motions. The dimensions of 
arenas including the volume of AFSW used and the number of replicates of A. franciscana 
are outlined in Table 6.1.  
 
Table 6.1: Dimensions of Small (24-well), medium (12-well) and large (6-well) arenas 
with volume of AFSW and number of replicates of A. franciscana used for velocity 
studies. 
Arena  Diameter Arena Size Volume AFSW Replicates 
Small 1.5cm 3cm3 1.5mL 24 
Medium  2.1cm 6cm3 3mL 24 
Large 3.5cm 16.4cm3 8mL 30 
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Once loaded, the multi-well plates were placed inside the DanioVision™ and animals were 
tracked for 8 minutes under a 2min dark : 2min light, cycle. Light was used as a disturbance 
and to assess the photosensitivity of A. franciscana. The cold light was set to 100% intensity 
equating to 4000Lux. This was almost double the Lux used for hatching and culturing of 
organisms to try and combat habituation to the light in behaviour trials. 
 
6.2.3.2 Phototaxis 
To assess the effects of arena size on the baseline unconditioned phototaxis behaviours in 
A. franciscana, the same well-plate sizes were used as for velocity experiments. Animals 
were transferred from holding tanks with a Pasteur pipette and tracked in the 
DanioVision™ for 8 minutes under a 2min dark : 2min light cycle. Here light was used to 
initiate a phototactic response. A series of custom acrylic strips were made by Bill 
Buddenberg of TrackSys as per the authors design. The strips consisted of a clear acrylic 
that both white light and infra-red light could pass through and a black acrylic through 
which only the infra-red light could pass. During 2-minute dark cycles the entire arena was 
dark and during 2-minute light cycles one half of the arena would be illuminated and A. 
franciscana could choose to be in either the light or dark side of the arena. The acrylic strips 
were produced in a range of sizes to provide a half-light and half-dark side of the arena for 
each size class, the dimensions of the light and dark zones within each arena are outlined 
in (figure 6.3). Two plates were made for each size class of arena which could be 
interchanged during trials so that the light and dark side of the arenas could be alternated 
at random (figure 6.3).  
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Figure 6.3: Dimensions and location of light and dark zones for (A) small arena, acrylic 
plate 1, (B) small arena, acrylic plate 2, (C) medium arena, acrylic plate 1, (D) medium 
arena, acrylic plate 2, (E) large arena, acrylic plate 1, (F) large arena, acrylic plate 2.    
 
Some studies have reported that both adult and larval Artemia spp can switch between 
positive and negative phototaxis depending on the intensity of light used (Bradley & 
Forward., 1984; Dojmi Di Delupis & Rotondo, 1988). As a result of this, the phototactic 
response of A. franciscana during the 2-minute light phase was assessed in the 
DanioVision™ at both 5% and 100% light intensity (200 and 4000 Lux respectively). Based 
on previous studies it was hypothesised that at higher light intensities A. franciscana would 
exhibit a preference for the dark zone which would be reduced or mitigated at the lower 
intensity. A total of 312 animals were used for phototaxis assessment with replicates 
divided between arena size, acrylic plate, and light intensity. The number of replicates used 
for each condition are outlined in table 6.2.       
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Table 6.2: Number of replicates used for each experimental condition for assessment 
of phototaxis in A. franciscana.  
Arena Size Plate Light Intensity Replicates 
Small 1 100% 24 
  5% 24 
 2 100% 24 
  5% 24 
Medium 1 100% 24 
  5% 24 
 2 100% 24 
  5% 24 
Large 1 100% 30 
  5% 30 
 2 100% 30 
  5% 30 
 
 
6.2.4 Psychotropic exposures  
6.2.4.1 Preparation of solutions 
Following preliminary experiments A. franciscana were exposed to a range of psychotropic 
compounds. All compounds were sourced from Sigma-Aldrich in dry powder form including 
fluoxetine hydrochloride (CAS: 56296-78-7), oxazepam (CAS: 604-75-1), amitriptyline 
hydrochloride (CAS: 549-18-8), and venlafaxine hydrochloride (CAS: 99300-78-4). All 
compounds were water soluble, so solutions were made without a solvent. Due to the 
minimum amount of dry compound that can be accurately weighed, a stock solution of 
1mg/L was made in 2L volumetrics for each compound. Stock solutions were stored in 
sealed glass vials wrapped in aluminium foil and stored in the fridge at 10±1oC to prevent 
degradation. A serial dilution of 10ng/L, 100ng/L and 100ng/L (plus an AFSW control) was 
made for each compound, from stock solutions, into artificial seawater at 35ppt.  
 
6.2.4.2 Exposures and behavioural analysis          
The experimental design for psychotropic exposures is outlined in figure 6.4. A medium 
arena was used, as per results of preliminary experiments, as this provided the best trade-
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off between high-throughput analysis and providing ‘space to behave’.  A single individual 
of A. franciscana was loaded into each well with water from the culture tanks. Once all 
animals were in the arenas, the culture water was removed from the wells with an 
electronic pipette and replaced with 4mL of AFSW control or AFSW spiked with a 
psychotropic compound at 10ng/L, 100ng/L or 1000ng/L. 12 replicates were performed per 
concentration providing a total of 48 animals per compound. Organisms were placed in the 
incubator under a 12:12hr light : dark cycle at 21oC±1. After 1hour, well plates were 
removed from the incubator and placed in the DavioVisionTM. A. franciscana were tracked 
using EthoVision®XT software for a total of 8minutes under a 2min dark : 2min light cycle. 
Light cycles were run at 100% light intensity (4000 Lux) as per results from preliminary 
studies. The process was repeated with the same animals after 1-day and 1-week of 
exposure. 
 
 
Figure 6.4: Experimental design for A. franciscana exposure and behavioural analysis  
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6.2.5 Statistics 
Phototaxis was measured as a comparison of the percent duration of time spent in dark 
and light zones, velocity was measured as mean velocity in centimetres per second and was 
analysed in both 2-minute and 10-second time bins. Extreme anomalous values generated 
by the loss of tracking by the EthoVision®XT software was excluded from the data analysis 
(as defined by values > median ±3*IQR) and never removed more than 3% of data points. 
Statistical analysis was performed in IBM SPSS Statistics 24. LMEs were used for all 
comparisons. For all experiments individual animals were assigned a unique ID which were 
used as the random effects in the models, and total distance was used as a co-variate for 
the analysis of phototactic behaviours to correct for animals that did not move during trials 
(Parker, 2016). For preliminary experiments on arena size, both time (i.e. light of dark 
phase) and size of arena were input as fixed effects in the LME models. For the psychotropic 
exposures, the fixed effects were time, psychotropic treatment and length of exposure. 
Tukey’s pairwise comparisons or an ANOVA were used for Post Hoc analysis with 
Bonferroni adjustments to correct for type-II errors. P-values of £ 0.05 were considered 
significant. 
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6.3. Results 
6.3.1 Optimising assays 
6.3.1.1 Velocity 
When assessing the baseline unconditioned velocity behaviour of A. franciscana, no 
differences in statistical output were observed between 2-min and 10-sec time bins when 
comparing arena sizes or light cycle (table 6.3). A significant effect of arena size (p < 0.001) 
was observed with A. franciscana reaching a greater mean velocity, in a range of 1.1-
1.5cm/s in large and medium arenas compared to small arenas where animals reached a 
maximum velocity of 0.9cm/s (figure 6.5). No significant effects (p > 0.05) were observed 
in velocity between large and medium arenas for 2-minute time bins (figure 6.5a: S-table 
17). A significant effect (p < 0.001) of time was observed with A. franciscana swimming 
faster during dark phases compared to light. A significant interaction was observed 
between arena size and light phase when splitting data into 10-sec time bins but not with 
2-min time bins (table 6.3). The significant interaction was driven by A. franciscana 
swimming faster in the large arena compared to medium and small during the second dark 
phase (figure 6.5b)   
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Table 6.3: Output from linear mixed effects model for both 2-minute and 10-second 
velocity data of A. franciscana between arena sizes. Significance level p £ 0.05.   
2-min 10-sec  
N- df D- df F Sig. N- df D- df F Sig. 
intercept 1 75 1127.4 <0.001 1 74 1120.6 <0.001 
size 2 75 16.3 <0.001 2 74 16.2 <0.001 
time 3 225 13.6 <0.001 47 3522 7.0 <0.001 
size * time 6 225 1.5 0.180 94 3522 1.7 <0.001 
 
 
 
 
Figure 6.5: Mean velocity of A. franciscana between arena sizes in (A) 2-minute and (B) 
10-second time bins. Asterisks for 2-min data indicate significant differences between 
arenas, for 10-second data asterisks indicate significant differences between arena 
plates and time bins for the large arena only. Significance level p £ 0.05   
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6.3.1.2 Phototaxis 
When assessing the baseline unconditioned phototactic behaviour of A. franciscana, a 
significant interaction was observed between arena sizes with light phase (F(2, 305.089) = 
54.75, p < 0.001). No significant differences were found between arena sizes during 3-
minute dark phases with all animals spending ~50% of their time in the light side of the 
arena (figure 6.6: S-table 18). However, during light phases A. franciscana spent a greater 
proportion (~55%) of time in the light zone when in the large arena and a smaller 
proportion of time (~35-50%) in the light zone when in a medium or small arena (figure 6.6: 
S-table 18). Light intensity had no significant impact (F(1, 302.92) = 1.02, p = 0.313) on 
phototaxis behaviours.    
 
 
Figure 6.6: Percent duration A. franciscana spent in the light zone during 3-minute dark 
and 3-minute light cycles between small, medium and large arenas when exposed to light 
at (A) 100% intensity and (B) 5% intensity. Asterisks indicate significant differences 
between arena sizes. Significance level p £ 0.05      
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6.3.2 Psychotropic exposures  
6.3.2.1 Fluoxetine 
When assessing the effects of fluoxetine on the velocity of A. franciscana, mean velocity 
ranged between 0.3-0.9cm/s across all treatments and exposures (figure 6.7). Time had a 
significant effect on velocity (table 6.4) with animals swimming faster during dark phases 
compared to light (figure 6.7). Treatment had a significant effect (p = 0.002) on velocity 
with animals swimming faster when exposed to high and mid-range concentrations 
(100ng/L & 1000ng/L) of fluoxetine compared to both control animals and those exposed 
to the lowest treatment group (10ng/L). Length of exposure had a significant (p < 0.001) 
effect on behaviour with animals swimming slower after 1day and 1week of exposure 
compared to 1hour (figure 6.7). No significant interaction (p > 0.05) was found between 
fluoxetine treatments with length of exposure or light phase.     
 
Table 6.4: Linear mixed effects model output for velocity of A. franciscana between 
concentrations of fluoxetine. Significance level p £ 0.05.  
Numerator df Denominator df F Sig. 
intercept 1 128 1738.9 <0.001 
time 47 5933 7.6 <0.001 
treatment 3 128 5.2 0.002 
exposure 2 128 15.5 <0.001 
time * treatment 141 5933 1.0 0.345 
time * exposure 94 5933 1.2 0.078 
treatment * exposure 6 128 0.6 0.741 
time * treatment * exposure 282 5933 0.9 0.622 
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Figure 6.7: Mean velocity of A. franciscana after 1 hour, 1 day and 1week (top-bottom) of fluoxetine exposure represented as both a line graph and heat 
map. Asterisks indicate significant differences in velocity compared to controls. Significance level p £ 0.05. 
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6.3.2.2 Oxazepam 
For the oxazepam study, the mean velocity of A. franciscana ranged between 0.3-0.75cm/s 
(figure 6.8). Velocity was significantly different between time bins (table 6.5) with animals 
swimming faster during 2-minute dark phases compared to light. A significant effect (p < 
0.001) of length of exposure was also observed with animals swimming slower after 1day 
and 1week of exposure compared to 1hour. No significant effects of oxazepam (p > 0.05) 
were observed between treatments (table 6.5). However, post hoc analysis highlighted a 
few time points, predominantly during 2-minute light phases, whereby animals exposed to 
the lowest (10ng/L) and mid-range (100ng/L) concentrations were swimming significantly 
(p < 0.05) slower than control animals (figure 6.8: S-table 19).     
 
Table 6.5: Linear mixed effects model output for velocity of A. franciscana between 
concentrations of oxazepam. Significance level p £ 0.05.  
Numerator df Denominator df F Sig. 
intercept 1 122 1243.1 <0.001 
time 47 5673 5.4 <0.001 
treatment 3 122 1.4 0.244 
exposure 2 122 10.4 <0.001 
time * treatment 141 5673 0.9 0.725 
time * exposure 94 5673 1.7 <0.001 
treatment * exposure 6 122 0.6 0.764 
time * treatment * exposure 282 5673 1.1 0.124 
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Figure 6.8: Mean velocity of A. franciscana after 1 hour, 1 day and 1week (top-bottom) of oxazepam exposure represented as both a line graph 
and heat map. Asterisks indicate significant differences in velocity compared to controls. Significance level p £ 0.05. 
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6.3.2.3 Amitriptyline 
During the amitriptyline study, the swimming velocity of A. franciscana ranged between 
0.3-0.7cm/s (figure 6.9).  Time had a significant effect on swimming behaviours with 
animals swimming faster during 2-minute dark phases compared to light (table 6.6).  Length 
of exposure also had a significant (p = 0.018) effect on velocity with swimming speed 
decreasing with increasing exposure time (figure 6.9). No significant effects (p > 0.05) on 
velocity were observed between amitriptyline treatments compared to controls (table 6.6: 
figure 6.9). 
      
Table 6.6: Linear mixed effects model output for velocity of A. franciscana between 
concentrations of amitriptyline. Significance level p £ 0.05.  
Numerator df Denominator df F Sig. 
intercept 1 125 1715.2 <0.001 
time 47 5817 7.6 <0.001 
treatment 3 125 1.9 0.140 
exposure 2 125 4.2 0.018 
time * treatment 141 5817 0.8 0.973 
time * exposure 94 5817 1.1 0.325 
treatment * exposure 6 125 0.6 0.727 
time * treatment * exposure 282 5817 0.8 0.988 
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Figure 6.9: Mean velocity of A. franciscana after 1 hour, 1 day and 1week (top-bottom) of amitriptyline exposure represented as both a line graph and 
heat map. Asterisks indicate significant differences in velocity compared to controls. Significance level p £ 0.05. 
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6.3.2.4 Venlafaxine  
When assessing the effects of venlafaxine on the velocity of A. franciscana, swimming 
velocity ranged between 0.3-0.75cm/s (figure 6.10). Time had a significant effect on 
swimming behaviours with animals swimming faster during 2-minute dark phases 
compared to light (table 6.7).  Length of exposure also had a significant (p = 0.024) effect 
on velocity with swimming speed decreasing with increasing exposure time (figure 6.10). 
The difference in velocity between light and dark phases was also significantly reduced (p 
< 0.001) between exposures with no differences between light and dark phases observed 
after 2-weeks of exposure (figure 6.10). Venlafaxine showed no significant effects (p > 0.05) 
on velocity between treatments (table 6.7: figure 6.10). 
 
Table 6.7: Linear mixed effects model output for velocity of A. franciscana between 
concentrations of venlafaxine. Significance level p £ 0.05  
Numerator df Denominator df F Sig. 
intercept 1 128 1203.5 <0.001 
time 47 5984 10.3 <0.001 
treatment 3 128 0.9 0.427 
exposure 2 128 3.9 0.024 
time * treatment 141 5984 1.0 0.614 
time * exposure 94 5984 1.8 <0.001 
treatment * exposure 6 128 0.1 0.993 
time * treatment * exposure 281 5984 0.8 0.996 
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Figure 6.10: Mean velocity of A. franciscana after 1 hour, 1 day and 1week (top-bottom) of amitriptyline exposure represented as both a line graph and 
heat map. Asterisks indicate significant differences in velocity compared to controls. Significance level p £ 0.05. 
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6.4. Discussion 
6.4.1 Optimising Assays 
Chapters 2 and 3 of this thesis highlighted the importance of collecting baseline data on a 
specific test species when conducting behavioural assays. In this study, preliminary 
experiments were performed to assess the baseline unconditioned velocity and phototaxis 
behaviours of A. franciscana under a range of arena sizes to both optimise the assay for 
high-throughput analysis and to determine the sensitivity of the test species to the 
behavioural assays. As with amphipod studies on Echinogammarus marinus and Gammarus 
pulex in chapter 2, there appears to be a trade-off between ‘high-throughput’ analysis and 
providing ‘space to behave’ with A. franciscana reaching a significantly greater velocity in 
large and medium arenas compared to small. No significant differences were observed in 
swimming speed between the large and medium arenas suggesting that arena size was no 
longer a limiting factor on Artemia velocity and that any further increase in arena size 
would no longer impact the maximum swimming speed that this species could reach.  
Increased swimming speed with increasing space to explore has been reported in a range 
of vertebrate and invertebrate species including the amphipod G. pulex (chapter 2, section 
4.2.2.3 of this thesis); fruit flies Drosophila melanogaster (Liu et al., 2007); rats 
(Montgomery, 1951); and gerbils (Oldham & Morlock, 1970).  
 
During swimming speed assays, light phase also had a significant impact on the 
velocity of A. franciscana. Swimming speed was greater during 2-minute dark phases 
compared to light which may be the result of a transition into darkness triggering migration 
behaviours or increased exploratory behaviour as a result of perceived reduction of 
predation risk. In the literature it has been reported that many zooplankton, including brine 
shrimp, undergo nocturnal diel vertical migration (DVM) involving an ascent in the water 
217 
 
column to feed during times of low light levels near the surface and descend to dim lit areas 
during the day to avoid predators (Forward & Rittschof, 1999; Pearre, 1979). In addition, 
lab studies have reported that Artemia spp can switch between positive and negative 
phototaxis depending on the intensity of light used (Bradley & Forward., 1984; Dojmi Di 
Delupis & Rotondo, 1988). Sensitivity to light intensity and preference for dark/dim-lit areas 
may explain the increased activity during dark phases. Alternatively, the increase in activity 
may be interpreted as an escape response or increase in anxiety behaviours when in the 
dark. Studies on zebrafish larvae have found that a sudden transition to darkness in 
behavioural assays results in a significant and sudden increase in locomotor activities which 
have been attributed to increased stress or anxiety (Basnet et al., 2019; Li et al., 2015; Van 
Den Bos et al., 2017). In crabs an escape response was recorded as a sudden increase in 
activity when a shadow was passed over the animal’s enclosure to mimic a passing predator 
(Maldonado, 1989). This theory may also be the case for A. franciscana, particularly as 
sudden transition to the dark resulted in a peak in swimming speed which later slowed 
down. If migration behaviours had been triggered it would be expected that the increase 
in swimming speed would have been maintained. The increase in swimming behaviours 
during dark phases shown by A. franciscana was neither immediate upon sudden transition 
to the dark, nor consistent for every dark phase which would be expected for a startle or 
escape response. However, it is worth noting that A. franciscana were acclimated to the 
DanioVison™ hardware in the dark at the start of the experiment before running the trials. 
Their transition to the DanioVision™ may also have resulted in an activity peak but 
recording had not started yet. To elucidate this, experiments would need to be repeated 
with the order of the light : dark cycle amended to begin with a light cycle and have two 
transitions into dark to see if animals display activity peaks in both dark phases.   
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For phototaxis trials it was expected that at 100% light intensity A. franciscana 
would show a preference for the dark side of an arena, whilst at 5% light intensity animals 
would exhibit reduced preference for either the light or dark side. Interestingly, light 
intensity had no significant impacts on phototactic behaviours, but the arena size did. 
Animals exhibited positive phototaxis in large arenas and negative phototaxis in medium 
and small arenas. Differences in phototaxis did not reach a level of significance in small 
arenas, but in medium arenas A. franciscana spent significantly less time in the light for 
both light intensities used. In a large arena, animals spent more time in the light but the 
preference for light only reached a level of significance at 100% light intensity. To date and 
as far as the authors are aware, this is the first study to document differences in phototaxis 
behaviours in animals with varying arena size. It was thought that light intensity would play 
a part in phototaxis behaviours due to the animals pre-recorded preference for dim areas, 
but no significant evidence for this was found during assays performed in this study. Due 
to the unexpected preliminary results for phototaxis behaviours, it was decided not to 
pursue the phototaxis assay for A. franciscana during exposure experiments as more work 
is needed to elucidate the reasons for the differences in light response with arena size. In 
the literature, swimming speed has represented a sensitive and simple assay for measuring 
behaviours in a wide range of organisms and has produced the most repeatable results. 
Results from the preliminary studies in this chapter have shown that this is also the case 
for A. franciscana and found that a medium arena (or 12-well plate) was the most suitable 
trade-off between high-throughput analysis and providing space to behave.  
 
6.4.2 Psychotropic exposures 
In this study, A. franciscana were exposed to environmentally relevant concentrations of 
five psychotropic compounds with varying modes of action, and their swimming behaviours 
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were assessed. Fluoxetine had a significant impact on the swimming speed of A. 
franciscana between treatment groups in that velocity was greater in the two highest 
treatment groups compared to the lowest treatment group and control animals. However, 
when comparing fluoxetine treatments between light phase and/or length of exposure, no 
significant effects were observed. Additionally, pairwise comparisons between both 10-
second and 2-minute time bins found no significant differences in velocity of fluoxetine 
exposed animals compared to controls. The opposite was observed for oxazepam whereby 
no significant effects of treatment were observed when looking at the data as a whole, but 
pairwise comparisons found that animals exposed to both low and mid-range 
concentrations swam significantly slower than controls during light phases. No significant 
impacts on swimming behaviours were observed for amitriptyline or venlafaxine. These 
results may be attributed to differences in the mode of action of these compounds. 
 
It has been demonstrated that differences in the MOA of psychotropic compounds 
may result in significant effects for some compounds, while others have no impacts on 
behaviour. A recent study on crayfish reported a significant increase in activity following 
oxazepam exposure while no significant impacts were observed for venlafaxine (Kubec et 
al., 2019), it was thought that this may be due to the fact that venlafaxine acts only after a 
steady-state plasma concentration is achieved (3-4 weeks in humans), while oxazepam acts 
immediately. Furthermore, in this chapter the SSRI fluoxetine caused an increase in 
swimming speed of A. franciscana compared to controls while the BZD oxazepam resulted 
in decreased velocity. Differentially altered activity levels following exposure to 
antidepressants with different modes of action has also been reported in the literature for 
aquatic invertebrates. A study on the crawling speed of two species of marine snails 
reported increased crawling speed when exposed to the SNRI venlafaxine while the inverse 
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was found following exposure to the SSRI fluoxetine (Fong et al., 2015). To date and to the 
best of the author’s knowledge there have been no studies assessing the effects of 
oxazepam on the swimming speed of crustaceans. However, diazepam of which oxazepam 
is a metabolite, has been reported to decrease the response to light in D. magna and 
resulted in reduced movement. The results found in this chapter for A. franciscana support 
those found in the literature for Daphnids as oxazepam exposed animals also exhibited 
reduced swimming speed. Behavioural experiments on amphipods support the results 
found for fluoxetine in this study in that exposed animals displayed an increase in 
swimming speed (Bossus et al., 2014; De Castro-Català et al., 2017). However, in Daphnids, 
movement was reduced by fluoxetine exposure (Simão et al., 2019) highlighting difficulties 
of comparing behavioural results from different species in the literature, and the 
importance of collecting data on a wide range of species. It is also worth noting that 
compounds can affect organisms independently of their intended pathway. In a recent 
study by Rivetti et al. (2018), the genes encoding for serotonin synthesis were deleted in D. 
magna generating mutants completely deprived of serotonin. Fluoxetine altered 
behavioural responses in wild type D. magna that had serotonin but had no effect on 
serotonin deprived mutants as expected for compounds acting via the serotonergic-
pathway. However, fluoxetine impacted fecundity and life-history responses of both 
mutants and wild type D. magna suggesting that this drug affects reproduction 
independently of the serotonin pathway.  
 
In this study, the length of exposure significantly impacted the swimming speed of 
A. franciscana across all experiments, independently of compound or dose, with animals 
swimming slower with increased length of exposure. This could be explained by the static 
nature of the test arena used for compound exposure. Previous studies on A. franciscana 
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found that immobility and fatality of Artemia larvae significantly increased after 12hours in 
a static system, whereas under constant water flow in a microfluidic system, activity levels 
remained unchanged after 18 hours (Huang et al., 2016). The reduction in artemia health 
and mobility was attributed to a depletion of oxygen in a static system. Medium arenas 
were used for psychotropic exposures in this study as per results from preliminary 
experiments. The medium arena size allowed for a greater volume of water and surface 
area compared to small arenas, and a water change was performed after three days to 
combat the effects of oxygen depletion and compound degradation. Mortality was 12.5% 
after 1 week of exposure and 29% of deceased animals came from the control groups 
suggesting that mortality and the decreased activity of A. franciscana throughout the 
experiment was more likely a result of oxygen depletion rather than effects of toxicity from 
the compounds. It is also possible that the reduction of activity of A. franciscana was the 
result of habituation to the behavioural system. Habituation to behavioural assays has also 
been reported in a wide range of both vertebrate and invertebrate species (Bourin & 
Hascoët, 2003; Liu et al., 2007; Magurran & Girling, 1986; Tierney et al., 2016; Wong et al., 
2010) and has been demonstrated in E. marinus and G. pulex in chapters 4 and 5 of this 
thesis. Repeating the experiment with a large arena and/or under flow through conditions 
may help to elucidate whether the reduction in swimming speed observed in A. franciscana 
was a result of depleted oxygen or habituation to the behavioural assay. It would also be 
worth repeating the experiment with a longer exposure period as the MOA of some 
antidepressants require an amount of time to build up plasma concentrations in the body 
before inducing therapeutic effects. Furthermore many psychotropic compounds including 
oxazepam, fluoxetine and amitriptyline have been shown to persist in the environment 
(Calisto & Esteves, 2009) meaning that organisms can be exposed over their entire life 
cycles or across multiple generations. For example, venlafaxine was found to have 
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transgenerational effects on the fecundity of first generation Daphnids and drug tolerance 
has been found in second generation Daphnia at concentrations as low as 0.3µg/L (Minguez 
et al., 2015). It is important to understand the effects of chronic exposures to better predict 
environmental and ecosystem effects.  
 
6.5. Conclusions 
In this study behavioural assays to asses swimming speed, photosensitivity and phototaxis 
behaviours were developed. It was concluded following the results of preliminary studies 
that the phototaxis assay would require more work to elucidate the reasons behind the 
differences found in phototactic behaviours with arena size but not with light intensity. 
Velocity proved a useful endpoint to measure both swimming and photosensitivity in A. 
franciscana. Compounds with differing MOAs varied in their impacts on animal behaviours. 
Fluoxetine and oxazepam had significant but inverse effects on swimming speed while 
venlafaxine and amitriptyline had no significant impact on Artemia behaviour. In decapod 
crustaceans, we know a great deal about the roles of serotonergic and GABA pathways, far 
less is known about non-decapod species. The results from this study suggest a simple, fast, 
high throughput assay for A. franciscana and provides a baseline on the impacts of a range 
of psychotropic compounds on the swimming behaviours of a model crustacean species 
used in ecotoxicology studies. Further work would need to be done to elucidate whether a 
longer duration of exposure is required for compounds that do not act immediately in the 
body such as venlafaxine. Furthermore, repeating the experiment under flow-through 
conditions would be useful in determining the effects of lowered oxygen in a static 
behavioural system on A. franciscana behaviours.  
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Chapter 7 
General Discussion  
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7.1. Overview 
Pharmaceuticals are of emerging concern due to their global presence in aquatic systems. 
The use of psychoactive compounds is on the rise with psychotropics ranking as some of 
the highest prescribed drugs in developed countries (Calisto & Esteves, 2009; HSCIC 2017; 
OECD 2017). These compounds make their way into the environment via WWTPs resulting 
in low but continuous inputs into freshwater systems (Gaw et al., 2014). Risk assessment 
for pharmaceuticals in Europe employ standard test methods laid out by the Organisation 
for Economic Co-operation and Development (OECD) which rely heavily on lethality. 
Pharmaceuticals are generally non-toxic at environmental concentrations, but impacts on 
non-standard endpoints such as behaviour have been observed in organisms at 
concentrations that are orders of magnitude lower than those observed in regulatory tests 
(Shaliutina-Kolešová et al., 2019). Behaviour has been recognised as a useful endpoint in 
ecotoxicology as it tends to be more sensitive than lethality (Hellou, 2011) and faster than 
endpoints assessing growth, development and reproduction (Melvin & Wilson, 2013). 
Despite its clear benefits, the widespread inclusion of behaviours in regulatory risk 
assessment is currently hindered by the paucity of data on the baseline unconditioned 
behaviours of animals, limited number of taxa for which behavioural assays have been 
developed, and poor interpretation of behaviours (Kane et al., 2005; Melvin & Wilson, 
2013). Furthermore, current behavioural assays lack substantial standardisation, which can 
lead to mixed results in the literature, and issues with reliability and repeatability (Parker, 
2016; Sumpter et al., 2014). The overarching aims of this project were to develop and 
optimise high-throughput behavioural assays for model crustacean species, and to assess 
the impacts of environmentally relevant concentrations of psychotropic compounds on 
crustacean behaviours. 
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The aims of this project were met via several objectives, including:  
• Collecting data on the baseline unconditioned behaviours of amphipods 
• Assessing the impacts of multiple parameters on amphipod behaviour for assay 
optimisation and to improve standardisation 
• Comparing baseline behaviours between amphipod species 
• Psychotropic exposures in amphipods and assessment of impacts on behaviours  
• Translation of methods from amphipods to the brine shrimp Artemia franciscana 
for high-throughput assessment of psychotropic compounds on behaviour 
 
In order to fulfil these objectives a number of experiments were performed on a range of 
aquatic invertebrates. In this chapter the general findings from these studies are discussed 
in the context of ecotoxicology and suggests areas for future work. 
 
7.2. Development of behavioural assays  
In chapters 2 and 3, some of the current issues with standardisation of behavioural assays 
were addressed. Wild populations of a marine and freshwater amphipod were chosen for 
all experiments. Behavioural studies on natural populations of ecologically important 
aquatic invertebrate species is currently lacking in the literature. Work to date has instead 
focussed on developing assays for a handful of common lab cultured species including 
rodents (Bourin & Hascoët, 2003; Crawley & Goodwin, 1980; Simon et al., 1994; Walf & 
Frye, 2007; Walsh & Cummins, 1976), fish (Holcombe et al., 2013; Maximino et al., 2010a, 
2010b; Parker, 2016; Parker & Brennan, 2016) and some small crustaceans such as the 
water flea (Daphnia) (Chevalier et al., 2015; Jeon et al., 2008) and brine shrimp (Artemia) 
(Huang et al., 2016). It was believed that the use of wild-caught specimens would increase 
the ecological relevance of the data.   
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The acclimation time required for the marine amphipod Echinogammarus marinus 
was determined first as it has been shown that diurnal rhythms can be retained in decapods 
when kept under constant laboratory conditions (Chandrashekaran, 1965; Goldstein et al., 
2015; Nagata & Koike, 1997) but is yet to be assessed in Amphipods. Retention of diurnal 
rhythms in wild specimens could have implications for the results of behavioural studies. 
For example, when assessing levels of activity, ‘noise’ could be generated in the dataset if 
the behaviours of replicates are recorded at different times of day or with varying tides. 
This could also make interpretation of data difficult in that it would be unclear whether a 
change in activity was the result of compound exposure or retained diurnal rhythms. To 
date and to the best of the authors knowledge, this study appears to be the first to assess 
circadian and circatidal variation in a marine amphipod. Animals showed significant 
differences in activity levels with the tides. Animals were more active during high tide and 
less active during low tide, the differences in activity was reduced between each 
consecutive tide and was eventually lost after four days in constant conditions. A minimum 
of four days acclimation was therefore used for all experiments in this thesis.  
 
The baseline unconditioned phototactic, thigmotactic and swimming behaviours 
were then assessed for both E. marinus and Gammarus pulex. The behavioural arenas 
varied in both shape and size as both have been shown to impact the behaviours of 
vertebrate species, namely rodents (Eilam, 2003; Grabovskaya & Salyha, 2014). Size but not 
the shape of arenas was found to be an important factor in behavioural assays with 
amphipods. Significant variation was observed in the baseline unconditioned behaviours of 
the two amphipod species, providing the first evidence of behavioural differences between 
closely related crustacean species. The results from chapters 2 and 3 provide a cache of 
data on the baseline behaviours of two ecologically important aquatic invertebrate species. 
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The data is beneficial for development of ecotoxicology assays and accurate interpretation 
of results. Potential sources of variability in behavioural assays, and areas that require 
careful optimisation and standardisation are also highlighted. The major findings of these 
chapters have been published in PeerJ (Kohler et al., 2018a) and Aquatic Toxicology (Kohler 
et al., 2018b). 
  
   When assessing the impact of arena size on swimming parameters and thigmotaxis, 
there was a trade-off between high-throughput analysis and providing ‘space to behave’. 
Smaller arenas allowed for the tracking of multiple animals simultaneously, but arenas that 
were too small restricted activity. Arenas that were too small for the target species also 
created difficulties distinguishing zone preference in thigmotaxis assays, as individuals 
could be in both zones within an arena simultaneously. Reduced space was also found to 
limit amphipods ‘willingness’ to engage in exploratory behaviours which is the basis of 
many anxiety related behavioural assays, and inverse to what has previously been reported 
in rodents (Eilam, 2003) and insects (Le Patourel, 1998). Arena size also had a significant 
impact on the swimming behaviours of G. pulex. Animals reached greater speeds with 
increased arena size. The impacts of arena size on velocity was not tested for E. marinus as 
they are double the average length of G. pulex and could not fit into the smaller arenas 
without limiting manoeuvrability or being in multiple zones at the same time. It is possible 
that the effects of arena size could be assessed in a larger tank set up for E. marinus as an 
adaption of the novel tank diving test. However, this would require the use of a custom 
system creating a number of standardisation issues including maintaining consistent lux 
and temperature, and the presence of an observer, all of which are easily controlled by 
behavioural automaton. As the focus of the study was to improve standardisation, non-
commercial systems were not used and considered beyond the scope of this study.  
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Impacts of arena shape on amphipod behaviours were negligible. E. marinus 
exhibited a significant corner preference in a square arena that was not observed in G. 
pulex. Despite a preference for corners, the use of centre space by E. marinus in square 
compared to circular arenas was not significantly different. In both cases E. marinus had 
very strong thigmotactic behaviours spending just 3(±1)% of time in the central zone of the 
arena regardless of its shape. Furthermore, engagement in thigmotaxis was independent 
of light stimuli suggesting that this endpoint may not be suitable for this species due to 
ceiling effects.  A corner preference was not seen in G. pulex when placed in a square arena. 
A preference for the periphery of an arena was observed for G. pulex, but engagement in 
thigmotaxis was not as strong compared to E. marinus. The amount of time spent exploring 
the centre zones was greater in G. pulex and thigmotactic behaviours were induced by 
disturbance with a light stimulus, suggesting that thigmotaxis may be a more viable 
endpoint for G. pulex than E. marinus. Differences in centre zone use were observed 
between round and square arenas in G. pulex, but this is thought to be the result of a larger 
surface area in the square arena compared to round as animals did not show a significant 
corner preference in square arenas.  
 
Phototaxis and photosensitivity behaviours differed significantly between the two 
species of amphipod. For E. marinus the phototactic response was greater than G. pulex 
and was more pronounced in a large arena compared to small, whereas no significant 
impacts on arena size were observed on phototaxis behaviours in G. pulex. Both species 
responded to light stimuli with an increase in activity but differed in response to varying 
light intensities. The photosensitivity of E. marinus was greater than G. pulex, in that higher 
light intensities correlated to a greater velocity response for E. marinus while the swimming 
behaviours of G. pulex were unaffected by variations in Lux. In E. marinus, repeated light 
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exposure resulted in reduced activity peaks during the second light phase compared to the 
first for all light intensities used. Interestingly, the difference between the maximum 
velocity reached during the first and second light cycle was greater in animals exposed to 
the highest light intensity (4,000 Lux) compared to the lower intensities (2,000, 800 and 
200 Lux). The results suggested that some retinal damage was occurring at the highest light 
intensity meaning that animals were unable to fully respond to consecutive light stimuli. In 
humans and other animals it is known that bright light can cause retinal damage 
(Organisciak & Vaughan, 2011). Amphipods have compound eyes which are sensitive to 
light, and this sensitivity can vary between species (Hallberg et al., 1980; Meyer-Rochow & 
Tiang, 1979). The lower intensities were within the range of full daylight and had more 
consistent activity peaks between light cycles. The fact that activity peaks were smaller 
following the second exposure to light compared to the first suggests that there may also 
be some habituation to light stimuli with repeated exposure. In a review by Walsh & 
Cummings (1976), illumination was reported as one of the most important factors 
influencing behavioural assays, but despite this, less than a third of articles mentioned the 
test lighting used. The results of this study highlight the importance of reporting the Lux 
used in behavioural assays for improved repeatability across experiments and for ensuring 
that the Lux has been optimised for the species in question. A trade-off is required between 
providing sufficient light stimuli to initiate behaviours, whilst not impairing behaviours by 
causing harm. Swimming patterns in response to light varied between species, with G. 
pulex displaying an increase in swimming which remained consistent during the 2-minute 
light cycle. In contrast, E. marinus displayed a sharp increase in velocity followed by a rapid 
decrease within the first minute of the 2-minute light cycle. The variation in light response 
is thought to be a result of differences in life history and an adaptation to varied predators 
in a marine intertidal vs freshwater system. 
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The first behavioural tests were introduced in the 1930s (Hall, 1934; Hall & 
Ballachey, 1932); 40 years later a critical review by Walsh & Cummins (1976) highlighted 
issues with standardisation between laboratories for pharmacological studies. Multiple 
aspects including shape, size, colour, wall height, presence or absence of additional 
inherent stimuli, position and intensity of light, and visibility of observers were identified 
as factors that could influence behaviours and were indicated as areas of behavioural 
assays that required standardisation for reliability and repeatability of results. More recent 
assessments on the drawbacks of behavioural assays in ecotoxicology highlight the same 
problems with reliability and repeatability almost 4 decades later (Haller & Alicki, 2012; 
Parker, 2016; Spruijt et al., 2014; Vighi & Villa, 2013). When differences in test arena vary, 
accurate interpretation of results from toxicology studies becomes difficult. For example, 
it is not certain whether impacts on behaviour are a result of compound exposure or 
differences between assays. Collection of baseline unconditioned behaviours is important 
as some species may be better suited to a particular assay than others. For example, is the 
species unaffected by the compound or are they simply not sensitive to the assay? Chapters 
2 and 3 of this thesis evaluated some of these issues by standardising behavioural assays in 
order to improve their repeatability and reliability, whilst outlining a number of behaviours 
suitable for aquatic invertebrates in ecotoxicology testing. Data was provided as a baseline 
to build on for the further development of standardised behavioural assays for aquatic 
invertebrates, and their inclusion in environmental risk assessment.  
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7.3. Impacts of psychotropic compounds on behaviour 
In chapters 4 and 5, the assays that were developed in chapters 2 and 3 were used to assess 
the impacts of psychotropic compounds on amphipod behaviours. E. marinus and G. pulex 
were exposed to environmentally relevant concentrations of an antidepressant fluoxetine 
and an anxiolytic oxazepam. Freshwater G. pulex were also exposed to fluoxetine’s chiral 
enantiomers and water samples were taken to assess both enantiomer sensitivity, and to 
confirm nominal concentrations of fluoxetine over the two-week exposure. Previous 
studies have shown that fluoxetine can impact swimming behaviours, photosensitivity, 
phototaxis and geotaxis in a marine amphipod (Bossus et al., 2014; Guler & Ford, 2010) but 
enantiomer toxicity of fluoxetine has remained unexplored and the impacts of the BZD 
oxazepam on crustacean behaviours was limited to a single study on a freshwater decapod. 
The studies performed in chapters 4 and 5 of this thesis are the first to assess the impacts 
of an SSRI, a BZD, and the enantiomer toxicity of fluoxetine on multiple behaviours in a 
marine and freshwater amphipod.     
 
Results from water chemistry analysis showed that racemic and chiral fluoxetine 
concentrations were within the correct order of magnitude, and levels remained relatively 
consistent across all three consecutive studies. Preliminary studies with seawater found 
that accurate measurements of fluoxetine were not possible due to differences in 
physiochemistry compared to freshwater (unpublished collaborations with the University 
of Bath). For this reason, enantiomer studies were not performed with the marine 
amphipod E. marinus. The methods for preparing serial dilutions for fluoxetine and 
oxazepam were the same across all studies and biodegradability of both compounds in 
laboratory settings is low (Redshaw et al., 2008). It was therefore assumed that the 
concentrations for all consecutive studies would be within the correct range. 
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Fluoxetine’s metabolite and both of its chiral enantiomers were below detectable 
levels across and throughout all studies suggesting that fluoxetine was not being 
metabolised. The concentration of fluoxetine within the tissues of G. pulex over the 
duration of the study would be required to confirm this. However, full assessment of 
metabolisation and degradation of psychotropics was beyond the focus of this behavioural 
study. Reports in the literature demonstrate that G. pulex has the ability to accumulate 
psychotropic compounds, including fluoxetine and diazepam (of which oxazepam is a 
metabolite), in their tissues after just 24 hours (Meredith-Williams et al., 2012). In the same 
study it was found that half of the accumulated diazepam in Gammarus tissues were 
depurated after two days, whilst tissue concentrations of fluoxetine remained the same 
following three days of depuration. Future studies would benefit from assessing 
accumulation and depuration of compounds alongside water chemistry and behaviour 
during ecotoxicology exposures as this may aid interpretation of results. For example, 
understanding the amount of time required for a pharmaceutical to reach therapeutic dose 
within tissues could help to predict the required duration of exposure for initiating 
behavioural alterations in a species. 
 
Significant impacts were found for phototaxis, thigmotaxis and velocity endpoints 
for both species, however, effects were not consistent between studies making conclusions 
on the effects of psychotropic compounds on amphipod behaviours difficult to determine. 
Variation was observed between species, drug compounds, and consecutive studies, 
highlighting the current challenges faced when using behaviour as an endpoint. Results 
differed between repeated fluoxetine experiments with E. marinus which may be a result 
of multiple factors. Firstly, there were some differences in experimental design for the 
phototaxis assay as the first experiment was performed using a behavioural chamber which 
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did not allow distance to be used as a co-variate in statistical analysis. The arena also 
differed slightly in dimensions from the upgraded chamber that was used in the second 
experiment. The upgraded arena allowed for animals to be tracked in both the light and 
dark sides of the arena, allowing distance to be used as a co-variate to correct for activity 
levels during trials. The new arena also permitted an exclusion zone to prevent animals 
being recorded in two zones at the same time. Results from chapter two demonstrated 
that differences in arena size were able to impact the results of behavioural assays. 
Furthermore, in the first experiment E. marinus specimens were kept in an incubator for 
two months. This species did not culture well in the laboratory and became hyper-
parasitised resulting in high mortality in the first fluoxetine study, which may explain the 
differences in sensitivity to exposure. Studies have found that unnaturally high parasite 
loads can lead to the death of the host (Gulland, 1992; Watson, 2013) and that pre-
exposure to pathogens can increase sensitivity to pollutants (Clifford et al., 2005; Eder et 
al., 2007, 2008).   
 
Intra-species variability is also a key factor influencing the repeatability of 
behavioural endpoints. Behavioural plasticity is present in many invertebrate species 
(Gherardi et al., 2012). A single genotype can produce more than one alternative form of 
behaviour in response to environmental conditions. Animals with greater levels of plasticity 
are able to adapt behaviours to match multiple environments rather than using a single 
behaviour in all environments (Gherardi et al., 2012). Some decapod species have been 
shown to exhibit multiple behavioural phenotypes in a single population. For example, two 
or more forms of behaviour which are not simultaneously expressed in the same individual, 
such as response to danger cues (Bouwma & Hazlett, 2001); foraging behaviours and 
boldness (Gerhardi et al,. 2002, 2012); and, risk taking in response to predators (Reaney & 
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Backwell, 2007), with animals willing to take risks correlating to aggressiveness, activity 
levels and mating success. It has been reported that the extent to which an anxiolytic can 
facilitate exploratory behaviours depends on the baseline level in the animal (Bourin & 
Hascoët, 2003). For example, rats can exhibit a high or low response to novelty in an open 
field test denoting differences in boldness. High responders (i.e. more anxious) showed 
greater susceptibility to psychotropic drugs than bold animals (Cools et al., 1997). Fish have 
also been shown to vary in their levels of ‘boldness’ (Coleman & Wilson, 1998; Øverli et al., 
2007). With bold fish exhibiting higher levels of dopamine and opioid receptors (Thörnqvist 
et al., 2019), and increased response to alcohol exposure (Araujo-Silva et al., 2018) 
compared to shy fish. The baseline unconditioned behaviours for control specimens of E. 
marinus across all studies in this thesis were pooled totalling 90 replicates. It was observed 
that differences in escape response when exposed to light varied between individuals 
including high, intermediate, and non-responders (author unpublished data). The data 
analysis for all experiments in this thesis was performed using the mean of a mixed 
population. It is possible that intra-species variation was responsible for some of the 
inconsistencies found between studies. Future studies could benefit from sorting 
individuals into responsive vs non-responsive groups prior to psychotropic drug exposure 
to compare variability and assess whether different behavioural phenotypes are more or 
less responsive to behavioural modifying compounds. Furthermore, it would be worth 
investigating the differences between wild caught vs laboratory individuals. The wild 
specimens used in this thesis would have differed in age and were likely to have 
experienced pre-exposure to a cocktail of environmental pollutants including 
pharmaceuticals. Laboratory bred species on the other hand would have no pre-exposure 
to contaminants, will be of a known age and can have reduced variability in phenotypic 
strains such as has been found with cultures of zebrafish (Guryev et al., 2006; Whiteley et 
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al., 2011). While this may go some way to tackling the issues with repeatability, it lowers 
the ecological relevance of the study. Performing studies on both wild type and lab bread 
specimens could help to build a clearer picture of the effects of these compounds.  
 
It is worth noting that the concentrations used within this study were low and close 
to the NOEC for these compounds. For fluoxetine, lethal concentrations have been 
reported at  234µg/L – 43mg/L and effect concentrations on growth development or 
reproduction  at 223 - 820µg/l for crustaceans (Brooks et al., 2003; Calisto & Esteves, 2009) 
but effects on behaviour have been reported at an environmentally relevant range of 1 - 
0.001µg/l (Bossus et al., 2014; De Castro-Català et al., 2017; De Lange et al., 2006; Guler & 
Ford, 2010). Work on oxazepam in crustaceans is limited to a single study on crayfish with 
effects on behaviour observed at 1µg/L (Kubec et al., 2019), but studies on diazepam has 
reported impacts on fish at much higher concentrations with effects on anxiety, 
thigmotaxis and scototaxis reported at ranges of 0.05-20mg/L (Bencan et al., 2009; Brandão 
et al., 2013; Richendrfer et al., 2012) all of which are well above the environmental range 
by at least three orders of magnitude. There is evidence that working in concentrations 
around the NOEC can result in variability in the data (Tanaka et al., 2018) as it is on the 
threshold between finding effects or not. The concentrations used within this study were 
chosen based on environmental relevance. It is possible that repeating the experiments at 
higher concentrations such as the therapeutic human dose may provide more consistent 
results and improve reliability of the behavioural assays but at the cost of environmental 
relevance.  
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Few significant impacts of psychotropic compounds were observed in amphipods. 
Oxazepam had no significant effects on E. marinus but did alter the swimming speed of G. 
pulex. Racemic fluoxetine significantly impacted all measured behaviours for G. pulex and 
E. marinus in experiment 1, but not experiment 2. Fluoxetine’s chiral enantiomers had no 
significant impacts on behaviours of G. pulex. In all cases where significant effects were 
found by mixed model analysis, pairwise comparisons found very few significant 
differences between doses. It has been reported that Bonferroni corrections may be too 
conservative when analysing data, resulting in poor statistical power (Narum, 2006). It has 
been suggested that alternative approaches such as the use of a false discover rate (FDR) 
to correct for multiple testing can be effective and provide a better balance between Type 
I and Type II errors. The Bonferroni approach uses a fixed threshold to control for error 
while FDR is adaptive allowing for more lenient thresholds which drastically reduced the 
probability of producing false negatives, but had much weaker assumptions than 
Bonferroni  (White et al., 2019). An interesting comparison would be to repeat the analysis 
from psychotropic exposure with amphipods and compare the results of pairwise 
comparisons to see if they better match the output from linear mixed effect model analysis.  
 
The use of mean data for behavioural studies has been suggested as insufficient for 
data analysis as it has potential to miss effects. It has been demonstrated that exposure to 
behavioural modifying compounds can result in increased variability in animal behaviours. 
For example, a study on the shore crab Hemigrapsus oregonensis investigated the impacts 
of fluoxetine on behaviours in a simulated estuary (Peters et al., 2017). Fluoxetine 
treatment resulted in greater variability in behavioural patterns. It has been suggested that 
assessment of variation around the mean could prove useful in addition to p-values based 
on mean data (Calow, 1996; Devin et al., 2014; Szocs & Schafer, 2015) 
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A study by Peters et al. (2007) reported greater variation in activity levels in control 
organisms within the first 2-3 weeks of a 9-week study suggesting that habituation to the 
test conditions reduced variability in the data set, and could have implications for many 
anxiety based assays which rely on novelty of the arena, as the behaviours measured could 
also be the most variable. Across all experiments in chapters 4 and 5, both amphipod 
species decreased swimming speed after 1- and 2-weeks of exposure compared to 1-day, 
independent to the study, compound, or dose. Habituation to a test arena is well 
documented in the literature for behavioural assays, representing attenuation of innate 
behaviours as subjects become accustomed to their environment (Wong et al., 2010). Tests 
measuring anxiety-like behaviours such as the novel tank diving and open field tests are 
centred around novelty of the arena. It has been demonstrated that anxiety behaviours in 
zebrafish are significantly reduced when the test arena is not novel, and were comparable 
to the behaviours of individuals exposed to anxiolytic drugs (Bencan et al., 2009). Some 
aquatic organisms such as zebrafish can habituate to various stimuli including, light/dark 
and startle reflex testing (Wong et al., 2010). In the behavioural studies in this thesis the 
same animals were used to measure behaviours following 1-day, 1-week and 2-weeks of 
exposure in order to reduce the number of organisms required per study, in line with the 
three R’s (National Centre for the Replacement Refinement & Reduction of Animals in 
Research (NC3Rs)) but may have masked effects of compound exposure if animals had 
habituated to the behaviour test during 1-week and 2-week trials. Future work should 
consider using different organisms for short- and long-term exposures to prevent 
habituation to the behavioural assay but would require a trade-off with providing adequate 
replicates per treatment to account for individual variability.      
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7.4. High-throughput analysis  
In chapters 2-5 of this thesis, behavioural assays were developed for amphipods and the 
impacts of an antidepressant and an anxiolytic were assessed. Due to the trade-off 
between high-throughput analysis and providing space to behave, behavioural assessment 
of animals required between 8 - 17 hours to run trials for all replicates, depending on the 
species used. To meet our overarching aim of creating a high-throughput behavioural 
assay, the methods developed for amphipods were translated to a smaller crustacean 
species so that a multi-well plate system could be used, reducing behavioural assessment 
time to 1.5hrs as opposed to 17hrs for E. marinus. Increasing high-throughput assessment 
by changing to a smaller crustacean species was chosen over increasing the size of the 
experimental setup to accommodate the amphipod species, as this would have required 
the use of a custom-built system which comes with a host of issues with repeatability as 
discussed in section 7.2 of this chapter. In chapter 6 the brine shrimp, A. franciscana, was 
used for the high-throughput assessment of the impacts of a range of psychotropic 
compounds, with varying modes of action, on behaviour. Preliminary studies using a range 
of arena sizes on phototaxis, thigmotaxis and velocity found that this species did not engage 
in thigmotaxis. Furthermore, whilst phototaxis behaviours are well documented in Artemia 
sp. as with other zooplankton (Bradley & Forward., 1984; Dojmi Di Delupis & Rotondo, 
1988; Saunders et al., 1985), the results from preliminary laboratory assays found 
inconsistent results suggesting that phototaxis and thigmotaxis were not suitable 
endpoints for behavioural assays in this species (author observations). Swimming speed 
was affected by area size as with amphipods, in that the animals required ‘space to behave’. 
However, there was a maximum area by which further increase in arena size had no impact 
on swimming speed. Velocity was the most reliable endpoint measured in the preliminary 
studies with A. franciscana which is consistent with results in the literature. Studies looking 
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at multiple behaviours or multiple swimming parameters in crustaceans report that simple 
velocity or distance travelled was the most reliable and consistent (Barrozo et al., 2015) as 
well as being the most translatable across species including aquatic vertebrates (Barry, 
2013; Cachat et al., 2011; Chiffre et al., 2016; Little & Finger, 1990) and invertebrates 
(Bossus et al., 2014; De Castro-Català et al., 2017; Hamilton et al., 2016; Oliveira et al., 
2012). For this reason, a simple swimming speed assay was developed and used to assess 
the impacts of four psychotropic compounds including fluoxetine, oxazepam, amitriptyline 
and venlafaxine as representatives of an SSRI, BZD, TCA and SNRI respectively. Most studies 
in the literature have focussed on fluoxetine with comparatively few looking at other 
compounds or differing modes of action. Fluoxetine studies on crustacean behaviour have 
been limited to predominantly decapod species (Hamilton et al., 2016; Huber & Delago, 
1998; Mesquita et al., 2011; Peters et al., 2017; Tierney et al., 2016) with a few studies 
assessing effects on Daphnia spp (Rivetti et al., 2018; Stanley et al., 2007). The behavioural 
impacts of oxazepam on crustaceans is limited to a single study on crayfish (Kubec et al., 
2019). No studies were found in the literature for behavioural effects of amitriptyline or 
venlafaxine on any crustacean species and impacts on aquatic species was limited to snails 
(Fong et al., 2015, 2019; Fong & Molnar, 2013). To the best of the authors knowledge, the 
experiments performed in chapter 6 of this thesis area the first assessing the impacts of 
psychotropic compounds of varying modes of action on the behaviours of brine shrimp. 
 
 Results from psychotropic exposures varied between compounds. 
Fluoxetine resulted in an increase in swimming speed at the highest and medium 
concentrations when analysing the dataset as a whole, but pairwise comparisons found no 
significant impacts. The opposite was observed for oxazepam in that no impacts were 
observed when assessing the data as a whole, but pairwise comparisons found a decrease 
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in swimming speed at the lowest and medium concentrations during light phases. No 
significant impacts of amitriptyline or venlafaxine were observed on velocity. The lack of 
significant effects found in pairwise comparisons and suggestions for potential solutions 
and future work has been discussed previously in section 7.3 of this thesis for amphipods 
and could additionally be applied to the A. franciscana studies in chapter 6. It is thought 
that the varied response to compounds is a result of differences in MOA and is supported 
by various studies in the literature.  A study on crayfish reported a significant increase in 
activity following oxazepam exposure while no significant impacts were observed for 
venlafaxine (Kubec et al., 2019), which was thought to be a result in differences in action 
time between the two compounds as the experiment was short term and venlafaxine acts 
only after a steady-state plasma concentration is achieved. Opposing effects on the 
crawling speed was observed between two species of marine snail exposed to venlafaxine 
and fluoxetine (Fong et al., 2015).  
  
Length of exposure was found to impact the swimming speed of A. franciscana. 
Activity decreased with increased exposure time independently of compound or dose. This 
is thought to be a result of multiple factors including habituation as was found for E. 
marinus and G. pulex in chapters 4 and 5 of this thesis, as well as being reported in a wide 
range of taxa (Bourin & Hascoët, 2003; Liu et al., 2007; Magurran & Girling, 1986; Tierney 
et al., 2016; Wong et al., 2010). Furthermore, reduction in activity with duration of 
exposure could be a result of the static multi-well plate exposure system that was used in 
this study. Previous studies on A. franciscana have shown that mobility decreased while 
fatality increased after 12hours in a static system, whereas under constant water flow, 
activity levels remained unchanged after 18hours (Huang et al., 2016).  
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In chapter 6 a high-throughput swimming speed assay was developed for a common 
laboratory crustacean species. Swimming appears to be a sensitive endpoint which was 
able to detect effects of an antidepressant and anxiolytic at environmentally relevant 
concentrations representing a powerful tool for ecotoxicology testing of behavioural 
modifying drugs. Psychotropic compounds of differing MOAs were found to impact the 
behaviours of A. franciscana while others were not, highlighting the importance of 
understanding the therapeutic pathway of the compounds being used and of testing 
multiple compounds in pharmaceutical studies. This is particularly important considering 
that one antidepressant was found to impact behaviours while two other antidepressants 
did not, despite all working via the serotonergic pathway. A repeat of these experiments 
with longer exposures under flow-through conditions would be beneficial to ascertain 
whether compounds which require time to reach a threshold value before behavioural 
effects can be reached, such as venlafaxine (Kubec et al., 2019), could also impact 
swimming behaviours. This would generate better representative data of environmental 
conditions as organisms are commonly exposed to low doses throughout their entire life 
cycle. 
  
7.5. Future perspectives 
7.5.1. Combining multiple endpoints 
The addition of behavioural assays to tests at lower levels of organisation can aid in 
Environmental Risk Assessment (ERA). Legislation such as the Registration, Evaluation and 
Authorisation of Chemicals (REACH) programme in the European Union (EU) creates 
mandates to assess potential risks from chemicals or consider broader effects than has 
previously been included in standard ERA. Of particular concern are emerging 
contaminants such as pharmaceuticals of which existing assessment procedures may be 
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inadequate (Ankley et al., 2010). The Adverse Outcomes Pathway (AOP) approach started 
in 2010 (Ankley et al., 2010) and represents a useful tool in assessing risk (as reviewed 
extensively by  Ankley et al., (2010); Leist et al., (2017); Vinken, (2013)) by integrating 
information on the impacts of a compound from the molecular level, to the population or 
ecosystem level. Behavioural measurements in isolation can be very sensitive measures of 
contaminant exposure. However, understanding the physiological changes inextricably 
linked to these behavioural changes is critically important (Sloman & Mcneil, 2012). Fewer 
studies have simultaneously investigated the effects of contaminants on both behaviour 
and physiology, but those studies have provided an insight into the mechanisms by which 
environmental contaminants disrupt behaviour. For example, impaired swimming 
behaviours in fish has been linked to cholinesterase activity (Beauvais et al., 2009; Brewer 
et al., 2001), and some trace metals are shown to alter complex behaviours via 
accumulation in the olfactory system (Beyers & Farmer, 2001; Scott et al., 2003). In 
crustaceans SSRI’s were found to impact the reproductive behaviours of the Cladoceran 
Daphnia magna via alterations in genes associated with Serotonin metabolism and 
ecdysone regulation (Campos et al., 2013 & 2016) demonstrating that measurement of 
both behaviour and physiology can provide a more holistic understanding of contaminant 
effects and aid in targeting risk assessment.  
 
Behavioural assays are useful as they provide a link between the biological and 
ecological effects of environmental contaminants (Scott & Sloman, 2004; Sloman & Mcneil, 
2012). However, while behaviour has high ecological relevance, it has low specificity. This 
can make the use of behaviours in ERA costly and reduce effectiveness as testing could be 
performed on species of which the compounds molecular target is not present. Recent 
progress in the fields of genomics and transcriptomics could help to target studies by 
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screening organisms for orthologs which are in common with those targeted by the 
compound in question. Knowledge of the presence or absence of drug targets across a wide 
range of taxa could also be invaluable in identifying compounds that might have 
environmental impacts at low concentrations, and those organisms and life stages that are 
most likely to respond to exposure to a particular pharmaceutical (Boxall et al., 2012). The 
combination of behavioural endpoints with other emerging technologies across multiple 
levels of organisation would provide a more holistic view of the potential impacts of 
pharmaceuticals including psychotropic compounds on the ecology of natural systems. 
 
7.5.2. Translating laboratory results to ecological systems 
Whilst laboratory studies provide a valuable tool for screening for potential impacts of 
compounds on behaviours. These are not always representative of environmental impacts. 
Translation of these behavioural studies into the field is essential for understanding true 
ecological impacts of environmental pollutants. Telemetry has proven useful in measuring 
behaviours in the field and have been found to have stronger results compared to 
laboratory testing (Klaminder et al., 2016). The multispecies freshwater biomonitor (MFB) 
has also been used to assess behaviours in the lab and in the field in freshwater systems to 
provide real-time data of the impacts of compounds in the environment (Gerhardt et al., 
1996, 1998). A combination of laboratory and field studies using a range of methods is 
required to obtain a robust picture of the real-life effects of pharmaceuticals on animal 
behaviours and the ecological effects and represents a focus for future work.  
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7.6. Summary 
During this thesis behavioural assays were developed for amphipods and brine shrimp as 
representatives of marine and freshwater species, as well as wild caught vs common 
laboratory species. All animals exhibited measurable behaviours that can be assessed with 
varying degrees of throughput using advanced behavioural automaton. Behavioural 
analysis is a powerful tool in ecotoxicity monitoring however is currently held back by issues 
with standardisation and validity of behavioural assays. Many of these issues were 
encountered and addressed over the course of this research and whilst some issues 
impacting the standardisation of assays were beyond the scope of this thesis, many have 
been addressed and provide input for future work and the continued advancement of 
behavioural assays in ecotoxicology.  
    
Gaps in the current knowledge on amphipod and artemia baseline unconditioned 
behaviours, and the impacts of psychotropic compounds on a number of swimming and 
anxiety like behaviours, were filled over the duration of this and are listed below: 
• Amphipods have phototactic and thigmotactic behaviours that can be measured 
using modern behavioural automaton 
• The shape and size of an arena can impact the baseline unconditioned behaviours 
of marine and freshwater amphipods 
• Marine and freshwater species of amphipod vary in their baseline unconditioned 
behaviours for swimming, phototaxis, response to light stimuli and thigmotaxis 
behaviours 
• Marine amphipods retain circatidal and circadian rhythms which are lost after three 
days in constant laboratory conditions 
• Fluoxetine can have very varied results on amphipod behaviours 
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• Racemic fluoxetine has more significant impacts on the behaviours of G. pulex than 
either of its chiral enantiomers despite evidence in the literature that left- or right-
handed enantiomers can be more toxic  
• Oxazepam had no significant impacts on behaviours of E. marinus but resulted in 
reduced response to light stimuli and G. pulex  
• Size of arenas can impact the swimming speed of the brine shrimp A. franciscana  
• Not all behavioural assays are suitable for all crustacean species. Marine and 
freshwater amphipods differ in their sensitivities to behavioural assays and only 
swimming speed was suitable for the brine shrimp  
• Fluoxetine and oxazepam altered swimming speed of A. franciscana but 
amitriptyline and venlafaxine did not, highlighting that compounds with different 
modes of action can have varied impacts on organisms 
  
Recommendations for future work include continued work on standardisation of 
behavioural assays and addressing issues relating to repeatability and validity. Reale et al. 
(2007) outlines an ecological framework of four steps: (1) develop behavioural tests to 
provide appropriate standardised behavioural trait measures for the species in question. 
(2) validate tests by looking at relationship between the behavioural trait and other trait 
measures. (3) find a link between behaviour variation and fitness differences within a 
population to estimate role of personality. (4) intra- and interspecies comparisons should 
be undertaken to understand personality on a broader scale. The inclusion of additional 
behavioural parameters and the use of a multi-level approach such as that outlined by the 
AOP would provide a more holistic approach to investigating the impacts of psychotropic 
compounds on organisms.  
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Impacts of psychotropic drugs were few and variable across all exposure studies in 
this thesis. Studies to reduce ‘noise’ in data sets including reducing variations between 
behavioural assays, pre-screening of animals into bold/timid groups, implications of animal 
age and size, duration of exposure, effects of habituation, and knowledge on the MOA of 
compounds would be useful before any concrete statements on the effects of psychotropic 
drugs can be made.  
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Appendix 4: Supplementary Tables 
S-Table 1: Pairwise comparisons between tides for tide experiment 1 with E. marinus. 
Significance level p £ 0.05      
95% Confidence 
tide Mean Difference Std. Error P-value Lower Bound Upper Bound 
1-2 0.45 0.058 <0.001 0.2465 0.651 
2-3 -0.22 0.058 0.012 -0.4265 -0.0221 
3-4 0.12 0.058 1.000 -0.08 0.3245 
4-5 0.13 0.058 1.000 -0.0721 0.3323 
5-6 -0.08 0.058 1.000 -0.2852 0.1158 
6-7 -0.05 0.058 1.000 -0.2465 0.1545 
7-8 0.02 0.058 1.000 -0.1811 0.2233 
8-9 0.08 0.058 1.000 -0.1217 0.2827 
9-10 0.04 0.058 1.000 -0.1598 0.2412 
10-11 -0.06 0.058 1.000 -0.2576 0.1435 
11-12 0.03 0.058 1.000 -0.1712 0.2298 
12-13 -0.05 0.058 1.000 -0.2483 0.1528 
13-14 0 0.058 1.000 -0.2034 0.1976 
 
S-Table 2: Pairwise comparisons between tides for tide experiment 2 with E. marinus. 
Significance level p £ 0.05     
95% Confidence 
tide Mean Difference Std. Error P-value Lower Bound Upper Bound 
1-2 0.52 0.062 <0.001 0.2857 0.7488 
2-3 -0.38 0.062 <0.001 -0.6112 -0.1482 
3-4 0.17 0.062 1.000 -0.0657 0.3974 
4-5 0.01 0.062 1.000 -0.2202 0.2428 
5-6 -0.05 0.062 1.000 -0.2775 0.1856 
6-7 0.18 0.062 1.000 -0.0548 0.4083 
7-8 -0.2 0.062 0.402 -0.4281 0.0349 
8-9 0.16 0.062 1.000 -0.0679 0.3951 
9-10 -0.06 0.062 1.000 -0.2874 0.1757 
10-11 -0.02 0.062 1.000 -0.2472 0.2158 
11-12 0.01 0.062 1.000 -0.2254 0.2376 
12-13 0.19 0.062 0.503 -0.039 0.4241 
13-14 -0.25 0.062 0.016 -0.4802 -0.0172 
14-15 0.16 0.062 1.000 -0.0709 0.3921 
15-16 -0.16 0.062 1.000 -0.3906 0.0724 
16-17 0.05 0.062 1.000 -0.1856 0.2774 
17-18 0.01 0.062 1.000 -0.2184 0.2446 
18-19 0.13 0.062 1.000 -0.0983 0.3647 
19-20 -0.1 0.062 1.000 -0.3322 0.1308 
20-21 0.1 0.062 1.000 -0.1293 0.337 
21-22 -0.1 0.062 1.000 -0.3374 0.129 
22-23 0.06 0.062 1.000 -0.1763 0.2867 
23-24 -0.05 0.062 1.000 -0.2849 0.1781 
 
 
S-Table 3: Pairwise comparisons between zones and time bins in a square arena for E. 
marinus and G. pulex. Interaction numbers represent time bins (min). Significance level p 
£ 0.05 
Species Comparison Interaction df std. error P-value 95% Confidence 
lower upper 
E. marinus Centre 2-4 -0.14 0.85 1.000 -2.39 2.12   
2-6 -0.24 0.85 1.000 -2.50 2.01   
2-8 -0.52 0.85 1.000 -2.78 1.73   
4-6 -0.10 0.85 1.000 -2.36 2.15 
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4-8 -0.39 0.85 1.000 -2.64 1.87   
6-8 -0.28 0.85 1.000 -2.54 1.97  
Corner  2-4 -5.68 2.16 0.052 -11.39 0.03   
2-6 -1.90 2.16 1.000 -7.61 3.81   
2-8 -6.96 2.16 0.008 -12.68 -1.25   
4-6 3.78 2.16 0.481 -1.93 9.49   
4-8 -1.29 2.16 1.000 -7.00 4.42   
6-8 -5.07 2.16 0.115 -10.78 0.64  
Wall 2-4 5.63 1.81 0.012 0.84 10.41   
2-6 1.95 1.81 1.000 -2.83 6.73   
2-8 7.30 1.81 <0.001 2.52 12.08   
4-6 -3.68 1.81 0.253 -8.46 1.10   
4-8 1.67 1.81 1.000 -3.11 6.45   
6-8 5.35 1.81 0.019 0.57 10.13  
2min centre - corner -47.32 1.38 <0.001 -50.65 -44.00   
centre - wall -41.00 1.38 <0.001 -44.32 -37.68   
corner - wall 6.32 1.40 <0.001 2.96 9.68  
4 min centre - corner -53.20 1.63 <0.001 -57.11 -49.28   
centre - wall -35.28 1.63 <0.001 -39.20 -31.37   
corner - wall 17.91 1.63 <0.001 14.00 21.83  
6 min centre - corner -48.91 1.53 <0.001 -52.58 -45.24   
centre - wall -38.38 1.53 <0.001 -42.05 -34.71   
corner - wall 10.53 1.53 <0.001 6.86 14.21  
8 min centre - corner -53.30 1.74 <0.001 -57.49 -49.11   
centre - wall -33.62 1.73 <0.001 -37.79 -29.45   
corner - wall 19.69 1.74 <0.001 15.51 23.87 
G. pulex Centre 2-4 6.34 2.12 0.017 0.73 11.96   
2-6 -6.32 2.12 0.018 -11.94 -0.71   
2-8 2.99 2.12 0.955 -2.63 8.60   
4-6 -12.67 2.12 <0.001 -18.28 -7.05   
4-8 -3.36 2.12 0.683 -8.97 2.26   
6-8 9.31 2.12 <0.001 3.70 14.92  
Corner  2-4 -8.27 1.74 <0.001 -12.88 -3.65   
2-6 1.21 1.74 1.000 -3.40 5.82   
2-8 -5.78 1.74 0.006 -10.39 -1.16   
4-6 9.48 1.74 <0.001 4.87 14.09   
4-8 2.49 1.74 0.918 -2.12 7.10   
6-8 -6.99 1.74 <0.001 -11.60 -2.38  
Wall 2-4 1.92 1.72 1.000 -2.64 6.49   
2-6 5.11 1.72 0.019 0.55 9.67   
2-8 2.79 1.72 0.638 -1.78 7.35   
4-6 3.19 1.72 0.389 -1.38 7.75   
4-8 0.87 1.72 1.000 -3.70 5.43   
6-8 -2.32 1.72 1.000 -6.89 2.24  
2 min centre - corner -4.66 2.05 0.071 -9.59 0.27   
centre - wall -35.41 2.04 <0.001 -40.33 -30.49   
corner - wall -30.75 2.04 <0.001 -35.65 -25.85  
4 min centre - corner -18.18 1.41 <0.001 -21.56 -14.80   
centre - wall -38.25 1.41 <0.001 -41.63 -34.87   
corner - wall -20.07 1.41 <0.001 -23.45 -16.68  
6 min centre - corner 3.02 2.08 0.443 -1.98 8.02   
centre - wall -23.74 2.07 <0.001 -28.74 -18.75   
corner - wall -26.76 2.07 <0.001 -31.73 -21.79  
8 min centre - corner -13.43 1.46 <0.001 -16.94 -9.92   
centre - wall -35.12 1.46 <0.001 -38.63 -31.61   
corner - wall -21.69 1.45 <0.001 -25.19 -18.19 
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S-Table 4: Pairwise comparisons between arena shapes and time bins on thigmotaxis, 
mean velocity and percent activity for E. marinus and G. pulex. Interaction numbers 
represent time bins (min). Significance level p £ 0.05 
Species Endpoint Comparison Interaction df std. error P-value 95% Confidence 
lower upper 
E. marinus Thigmotaxis Round 2-4 0.76 1.01 1.000 -1.90 3.43    
2-6 -0.26 1.01 1.000 -2.93 2.41    
2-8 -0.44 1.01 1.000 -3.10 2.23    
4-6 -1.02 1.01 1.000 -3.69 1.64    
4-8 -1.20 1.01 1.000 -3.87 1.47    
6-8 -0.18 1.01 1.000 -2.84 2.49   
Square 2-4 -0.14 0.85 1.000 -2.39 2.12    
2-6 -0.24 0.85 1.000 -2.50 2.01    
2-8 -0.52 0.85 1.000 -2.78 1.73    
4-6 -0.10 0.85 1.000 -2.36 2.15    
4-8 -0.39 0.85 1.000 -2.64 1.87    
6-8 -0.28 0.85 1.000 -2.54 1.97   
2min round-square 0.54 0.82 0.508 -1.07 2.16   
4min round-square -0.36 0.84 0.670 -2.02 1.30   
6min round-square 0.56 0.96 0.562 -1.34 2.46   
8min round-square 0.45 1.08 0.674 -1.67 2.58  
Velocity Round 2-4 -0.89 0.09 <0.001 -1.14 -0.65    
2-6 0.06 0.09 1.000 -0.18 0.30    
2-8 -0.38 0.09 <0.001 -0.62 -0.14    
4-6 0.95 0.09 <0.001 0.71 1.20    
4-8 0.52 0.09 <0.001 0.27 0.76    
6-8 -0.44 0.09 <0.001 -0.68 -0.20   
Square 2-4 -0.44 0.07 <0.001 -0.62 -0.25    
2-6 -0.10 0.07 0.889 -0.29 0.08    
2-8 -0.19 0.07 0.037 -0.38 -0.01    
4-6 0.34 0.07 <0.001 0.15 0.52    
4-8 0.25 0.07 0.003 0.06 0.43    
6-8 -0.09 0.07 1.000 -0.28 0.09   
2min round-square -0.26 0.07 <0.001 -0.39 -0.12   
4min round-square 0.20 0.09 0.033 0.02 0.38   
6min round-square -0.42 0.07 <0.001 -0.57 -0.27   
8min round-square -0.07 0.09 0.416 -0.24 0.10  
Activity Round 2-4 -2.01 0.37 <0.001 -3.00 -1.02    
2-6 0.38 0.37 1.000 -0.61 1.36    
2-8 -0.16 0.37 1.000 -1.15 0.83    
4-6 2.38 0.37 <0.001 1.39 3.37    
4-8 1.85 0.37 <0.001 0.86 2.84    
6-8 -0.53 0.37 0.931 -1.52 0.46   
Square 2-4 -1.59 0.40 <0.001 -2.64 -0.55    
2-6 -0.45 0.40 1.000 -1.49 0.60    
2-8 -0.48 0.40 1.000 -1.53 0.57    
4-6 1.15 0.40 0.023 0.10 2.20    
4-8 1.11 0.40 0.031 0.06 2.16    
6-8 -0.04 0.40 1.000 -1.08 1.01   
2min round-square -1.79 0.37 <0.001 -2.52 -1.06   
4min round-square -1.38 0.38 <0.001 -2.12 -0.64   
6min round-square -2.61 0.41 <0.001 -3.41 -1.80   
8min round-square -2.11 0.38 <0.001 -2.87 -1.36 
G. pulex Thigmotaxis Round 2-4 1.31 1.42 1.000 -2.44 5.05    
2-6 -5.29 1.42 0.001 -9.03 -1.54    
2-8 0.53 1.42 1.000 -3.22 4.27    
4-6 -6.59 1.42 <0.001 -10.34 -2.84    
4-8 -0.78 1.42 1.000 -4.53 2.97    
6-8 5.81 1.42 <0.001 2.06 9.56   
Square 2-4 6.34 2.12 0.017 0.73 11.96    
2-6 -6.32 2.12 0.018 -11.94 -0.71 
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2-8 2.99 2.12 0.955 -2.63 8.60    
4-6 -12.67 2.12 <0.001 -18.28 -7.05    
4-8 -3.36 2.12 0.683 -8.97 2.26    
6-8 9.31 2.12 <0.001 3.70 14.92   
2min round-square -10.24 2.05 <0.001 -14.27 -6.20   
4min round-square -5.20 1.08 <0.001 -7.33 -3.06   
6min round-square -11.27 2.27 <0.001 -15.75 -6.80   
8min round-square -7.77 1.35 <0.001 -10.44 -5.11  
Velocity Round 2-4 -0.80 0.07 <0.001 -0.97 -0.63    
2-6 -0.02 0.07 1.000 -0.19 0.16    
2-8 -0.79 0.07 <0.001 -0.96 -0.62    
4-6 0.78 0.07 <0.001 0.61 0.96    
4-8 0.01 0.07 1.000 -0.16 0.18    
6-8 -0.77 0.07 <0.001 -0.94 -0.60   
Square 2-4 -0.89 0.09 <0.001 -1.12 -0.66    
2-6 -0.12 0.09 1.000 -0.35 0.11    
2-8 -0.85 0.09 <0.001 -1.09 -0.62    
4-6 0.77 0.09 <0.001 0.53 1.00    
4-8 0.04 0.09 1.000 -0.20 0.27    
6-8 -0.73 0.09 <0.001 -0.96 -0.50   
2min round-square 0.16 0.07 0.027 0.02 0.31   
4min round-square 0.07 0.08 0.361 -0.09 0.23   
6min round-square 0.06 0.07 0.425 -0.08 0.20   
8min round-square 0.10 0.08 0.216 -0.06 0.25  
Activity Round 2-4 -4.18 0.36 <0.001 -5.13 -3.24    
2-6 -0.25 0.36 1.000 -1.20 0.69    
2-8 -4.23 0.36 <0.001 -5.18 -3.28    
4-6 3.93 0.36 <0.001 2.98 4.88    
4-8 -0.05 0.36 1.000 -0.99 0.90    
6-8 -3.98 0.36 <0.001 -4.92 -3.03   
Square 2-4 -7.02 0.84 <0.001 -9.24 -4.80    
2-6 -1.30 0.84 0.730 -3.53 0.92    
2-8 -7.13 0.84 <0.001 -9.35 -4.91    
4-6 5.72 0.84 <0.001 3.50 7.94    
4-8 -0.11 0.84 1.000 -2.33 2.12    
6-8 -5.83 0.84 <0.001 -8.05 -3.60   
2min round-square -0.51 0.59 0.381 -1.67 0.64   
4min round-square -3.35 0.63 <0.001 -4.60 -2.11   
6min round-square -1.56 0.57 0.006 -2.67 -0.45   
8min round-square -3.41 0.67 <0.001 -4.72 -2.10 
 
 
S-Table 5: Pairwise comparisons between arena size and time bins on thigmotaxis, mean 
velocity and percent activity in large, medium and small arenas for G. pulex. Interaction 
numbers represent time bins (min). Significance level p £ 0.05 
Endpoint Comparison Interaction df std. error P-value 95% Confidence 
lower upper 
Thigmotaxis Large  2-4 1.31 1.42 1.000 -2.44 5.05   
2-6 -5.29 1.42 0.001 -9.03 -1.54   
2-8 0.53 1.42 1.000 -3.22 4.27   
4-6 -6.59 1.42 <0.001 -10.34 -2.84   
4-8 -0.78 1.42 1.000 -4.53 2.97   
6-8 5.81 1.42 <0.001 2.06 9.56  
Medium 2-4 2.87 0.69 <0.001 1.04 4.70   
2-6 -1.10 0.69 0.682 -2.93 0.74   
2-8 2.31 0.69 0.005 0.48 4.14   
4-6 -3.97 0.69 <0.001 -5.80 -2.14   
4-8 -0.56 0.69 1.000 -2.40 1.27   
6-8 3.40 0.69 <0.001 1.57 5.23  
Small 2-4 -0.81 1.22 1.000 -4.03 2.42   
2-6 -1.37 1.22 1.000 -4.59 1.86 
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2-8 -0.15 1.22 1.000 -3.37 3.08   
4-6 -0.56 1.22 1.000 -3.79 2.66   
4-8 0.66 1.22 1.000 -2.57 3.88   
6-8 1.22 1.22 1.000 -2.01 4.44  
2 min L-M 3.68 0.81 <0.001 1.74 5.63   
L-S 5.35 0.81 <0.001 3.39 7.30   
M-S 1.66 0.80 0.115 -0.26 3.59  
4 min L-M 6.87 0.67 <0.001 5.25 8.49   
L-S 4.14 0.67 <0.001 2.51 5.76   
M-S -2.74 0.67 <0.001 -4.35 -1.13  
6 min L-M 7.40 0.99 <0.001 5.03 9.77   
L-S 7.93 0.99 <0.001 5.56 10.30   
M-S 0.53 0.97 1.000 -1.80 2.86  
8 min L-M 6.94 0.68 <0.001 5.29 8.59   
L-S 5.53 0.69 <0.001 3.88 7.18   
M-S -1.41 0.68 0.119 -3.05 0.23 
Velocity Large  2-4 -0.80 0.07 <0.001 -0.97 -0.63   
2-6 -0.02 0.07 1.000 -0.19 0.16   
2-8 -0.79 0.07 <0.001 -0.96 -0.62   
4-6 0.78 0.07 <0.001 0.61 0.96   
4-8 0.01 0.07 1.000 -0.16 0.18   
6-8 -0.77 0.07 <0.001 -0.94 -0.60  
Medium 2-4 -0.56 0.05 <0.001 -0.69 -0.42   
2-6 0.06 0.05 1.000 -0.08 0.19   
2-8 -0.52 0.05 <0.001 -0.66 -0.38   
4-6 0.61 0.05 <0.001 0.48 0.75   
4-8 0.04 0.05 1.000 -0.10 0.17   
6-8 -0.58 0.05 <0.001 -0.71 -0.44  
Small 2-4 -0.50 0.04 <0.001 -0.61 -0.38   
2-6 0.01 0.04 1.000 -0.10 0.13   
2-8 -0.44 0.04 <0.001 -0.55 -0.32   
4-6 0.51 0.04 <0.001 0.39 0.62   
4-8 0.06 0.04 1.000 -0.06 0.17   
6-8 -0.45 0.04 <0.001 -0.56 -0.33  
2 min L-M 0.12 0.06 0.112 -0.02 0.26   
L-S 0.47 0.06 <0.001 0.33 0.61   
M-S 0.35 0.06 <0.001 0.22 0.49  
4 min L-M 0.36 0.05 <0.001 0.23 0.49   
L-S 0.77 0.05 <0.001 0.64 0.90   
M-S 0.41 0.05 <0.001 0.28 0.54  
6 min L-M 0.19 0.05 0.001 0.06 0.32   
L-S 0.50 0.05 <0.001 0.37 0.62   
M-S 0.31 0.05 <0.001 0.18 0.43  
8 min L-M 0.39 0.05 <0.001 0.26 0.51   
L-S 0.82 0.05 <0.001 0.69 0.95   
M-S 0.43 0.05 <0.001 0.31 0.56 
Activity Large  2-4 -4.18 0.36 <0.001 -5.13 -3.24   
2-6 -0.25 0.36 1.000 -1.20 0.69   
2-8 -4.23 0.36 <0.001 -5.18 -3.28   
4-6 3.93 0.36 <0.001 2.98 4.88   
4-8 -0.05 0.36 1.000 -0.99 0.90   
6-8 -3.98 0.36 <0.001 -4.92 -3.03  
Medium 2-4 -2.42 0.45 <0.001 -3.62 -1.22   
2-6 2.14 0.45 <0.001 0.94 3.34   
2-8 -1.25 0.45 0.035 -2.45 -0.05   
4-6 4.56 0.45 <0.001 3.36 5.76   
4-8 1.17 0.45 0.060 -0.03 2.37   
6-8 -3.39 0.45 <0.001 -4.59 -2.19  
Small 2-4 -3.65 0.30 <0.001 -4.44 -2.87   
2-6 0.15 0.30 1.000 -0.64 0.93   
2-8 -3.44 0.30 <0.001 -4.22 -2.65   
4-6 3.80 0.30 <0.001 3.01 4.58   
4-8 0.22 0.30 1.000 -0.57 1.00   
6-8 -3.58 0.30 <0.001 -4.37 -2.79 
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2 min L-M -1.24 0.40 0.006 -2.20 -0.28   
L-S 1.50 0.40 0.001 0.54 2.46   
M-S 2.74 0.40 <0.001 1.78 3.69  
4 min L-M 0.52 0.40 0.596 -0.45 1.49   
L-S 2.03 0.40 <0.001 1.06 3.00   
M-S 1.51 0.40 0.001 0.54 2.47  
6 min L-M 1.15 0.33 0.002 0.36 1.95   
L-S 1.90 0.33 <0.001 1.10 2.69   
M-S 0.75 0.33 0.072 -0.04 1.54  
8 min L-M 1.74 0.36 <0.001 0.87 2.61   
L-S 2.29 0.36 <0.001 1.43 3.16   
M-S 0.55 0.36 0.371 -0.31 1.42 
 
 
S-Table 6: Pairwise comparisons between arena size and time bins on phototaxis in large 
and small arenas for E. marinus and G. pulex. Interaction numbers represent time bins 
(min). Significance level p £ 0.05 
Species Comparison Interaction df std. error P-value 95% Confidence 
lower upper 
E. marinus Large 2-4 36.47 2.32 <0.001 30.32 42.62   
2-6 6.86 2.32 0.020 0.71 13.02   
2-8 37.08 2.32 <0.001 30.93 43.23   
4-6 -29.61 2.33 <0.001 -35.77 -23.44   
4-8 0.61 2.33 1.000 -5.55 6.77   
6-8 30.22 2.33 <0.001 24.05 36.38  
Small 2-4 18.40 2.59 <0.001 11.53 25.27   
2-6 5.34 2.61 0.246 -1.56 12.24   
2-8 20.75 2.59 <0.001 13.88 27.62   
4-6 -13.06 2.60 <0.001 -19.95 -6.17   
4-8 2.35 2.59 1.000 -4.51 9.20   
6-8 15.41 2.60 <0.001 8.51 22.30  
2 min  L-S 1.42 2.83 0.616 -4.15 6.99  
4 min  L-S -15.52 2.38 <0.001 -20.22 -10.83  
6 min  L-S -0.45 2.69 0.868 -5.74 4.85  
8 min  L-S -13.81 2.41 <0.001 -18.56 -9.06 
G. pulex  Large 2-4 15.10 2.48 <0.001 8.52 21.68   
2-6 2.28 2.48 1.000 -4.30 8.86   
2-8 10.12 2.48 <0.001 3.53 16.70   
4-6 -12.82 2.47 <0.001 -19.37 -6.26   
4-8 -4.98 2.47 0.268 -11.54 1.57   
6-8 7.84 2.47 0.010 1.28 14.39  
Small 2-4 10.99 1.95 <0.001 5.83 16.15   
2-6 -1.29 1.94 1.000 -6.44 3.86   
2-8 8.38 1.94 <0.001 3.23 13.53   
4-6 -12.28 1.94 <0.001 -17.41 -7.14   
4-8 -2.61 1.94 1.000 -7.75 2.53   
6-8 9.67 1.94 <0.001 4.54 14.79  
2 min  L-S 4.90 2.23 0.029 0.50 9.30  
4 min  L-S 0.79 2.22 0.722 -3.58 5.16  
6 min  L-S 1.33 2.22 0.548 -3.04 5.71  
8 min  L-S 3.16 2.20 0.153 -1.18 7.50 
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S-Table 7: Pairwise comparisons of velocity, thigmotaxis and phototaxis behaviours 
between E. marinus and G. pulex in 2-minute time bins. Significance level p £ 0.05 
Endpoint Time (min) F-value df P-value Mean Diff Std. Error  95% Confidence 
Lower Upper 
Phototaxis 2 0.03 242 0.473 -2.01 2.79 -7.50 3.49  
4 3.83 242 <0.001 -21.80 2.23 -26.18 -17.41  
6 0.38 242 0.038 -5.26 2.51 -10.21 -0.30  
8 2.69 242 <0.001 -27.41 2.35 -32.03 -22.79 
Thigmotaxis 2 15.32 258 <0.001 -6.12 1.35 -8.77 -3.46  
4 8.33 258 <0.001 -5.57 0.91 -7.36 -3.79  
6 30.76 258 <0.001 -11.14 1.61 -14.32 -7.97  
8 0.09 258 <0.001 -5.16 1.08 -7.28 -3.03 
Velocity 2 0.24 258 0.132 -0.11 0.07 -0.24 0.03  
4 17.31 258 0.898 -0.01 0.09 -0.18 0.16  
6 2.68 258 0.012 -0.18 0.07 -0.32 -0.04  
8 14.70 258 <0.001 -0.51 0.08 -0.68 -0.35 
 
 
S-Table 8: Pairwise comparisons of velocity, thigmotaxis and phototaxis behaviours 
between E. marinus and G. pulex in 10-second time bins. Significance level p £ 0.05 
Endpoint Time (s) F-value df P-value Mean Diff Std. Error  95% Confidence 
Lower Upper  
Phototaxis 10 1.03 242 0.868 0.91 5.46 -9.85 11.67  
20 0.74 242 0.595 2.83 5.32 -7.65 13.30  
30 0.07 242 0.865 -0.90 5.31 -11.36 9.55  
40 1.14 242 0.789 -1.39 5.17 -11.58 8.80  
50 0.18 242 0.250 6.03 5.23 -4.28 16.34  
60 0.00 242 0.521 3.35 5.21 -6.92 13.61  
70 2.28 242 0.965 0.24 5.32 -10.24 10.71  
80 0.30 242 0.233 -6.03 5.05 -15.98 3.91  
90 2.43 242 0.015 -12.56 5.14 -22.69 -2.44  
100 5.22 242 0.310 -5.20 5.11 -15.28 4.87  
110 0.28 242 0.907 0.63 5.32 -9.85 11.11  
120 0.26 242 0.018 -11.97 5.02 -21.87 -2.08  
130 8.81 242 <0.001 -22.64 3.96 -30.45 -14.84  
140 47.21 242 <0.001 -23.96 3.75 -31.35 -16.56  
150 46.30 242 <0.001 -20.59 3.84 -28.16 -13.02  
160 57.55 242 <0.001 -22.84 3.94 -30.61 -15.07  
170 43.36 242 <0.001 -19.67 3.86 -27.28 -12.06  
180 31.73 242 <0.001 -21.35 3.91 -29.05 -13.65  
190 27.25 242 <0.001 -21.78 3.92 -29.51 -14.05  
200 27.64 242 <0.001 -18.28 3.72 -25.62 -10.95  
210 44.34 242 <0.001 -22.88 3.44 -29.66 -16.11  
220 38.92 242 <0.001 -22.61 3.74 -29.97 -15.25  
230 15.50 242 <0.001 -17.45 3.49 -24.32 -10.58  
240 85.16 242 <0.001 -27.49 3.75 -34.88 -20.09  
250 32.99 242 0.010 -12.01 4.61 -21.10 -2.93  
260 0.03 242 0.156 7.09 4.98 -2.72 16.90  
270 2.01 242 0.113 -7.87 4.95 -17.61 1.87  
280 6.93 242 0.018 -11.36 4.78 -20.77 -1.94  
290 0.65 242 0.203 -6.30 4.93 -16.00 3.41  
300 4.09 242 0.556 -2.81 4.77 -12.20 6.58  
310 0.36 242 0.874 -0.79 4.95 -10.54 8.96  
320 1.78 242 0.250 -5.58 4.83 -15.10 3.94  
330 0.01 242 0.672 -2.07 4.87 -11.66 7.53  
340 1.46 242 0.875 -0.80 5.06 -10.76 9.16  
350 9.10 242 0.081 -8.56 4.89 -18.21 1.08  
360 0.92 242 0.017 -12.01 4.97 -21.80 -2.21  
370 1.66 242 <0.001 -18.71 4.35 -27.28 -10.14  
380 5.95 242 <0.001 -28.00 4.10 -36.08 -19.91 
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390 31.00 242 <0.001 -22.33 3.84 -29.89 -14.78  
400 44.36 242 <0.001 -26.87 3.81 -34.38 -19.36  
410 11.09 242 <0.001 -24.24 3.87 -31.86 -16.62  
420 50.46 242 <0.001 -30.31 3.85 -37.89 -22.72  
430 45.35 242 <0.001 -29.09 3.98 -36.93 -21.25  
440 52.23 242 <0.001 -29.27 3.83 -36.81 -21.74  
450 99.55 242 <0.001 -30.39 3.63 -37.54 -23.24  
460 41.71 242 <0.001 -30.81 3.96 -38.61 -23.01  
470 80.24 242 <0.001 -28.30 3.66 -35.50 -21.09  
480 74.31 242 <0.001 -30.64 3.83 -38.19 -23.09 
Thigmotaxis 10 8.61 258 0.103 -3.79 2.32 -8.36 0.77  
20 1.81 258 0.431 -1.77 2.24 -6.17 2.64  
30 38.36 258 0.001 -6.06 1.73 -9.47 -2.66  
40 20.20 258 0.005 -5.60 1.99 -9.51 -1.68  
50 15.94 258 0.015 -5.63 2.30 -10.16 -1.10  
60 16.82 258 0.010 -5.31 2.06 -9.36 -1.26  
70 8.60 258 0.031 -4.90 2.26 -9.35 -0.44  
80 32.98 258 0.001 -8.25 2.37 -12.92 -3.59  
90 15.57 258 0.004 -6.82 2.37 -11.48 -2.16  
100 36.46 258 <0.001 -8.37 2.30 -12.90 -3.84  
110 21.65 258 0.002 -7.17 2.28 -11.66 -2.67  
120 33.25 258 <0.001 -9.73 2.67 -14.99 -4.47  
130 13.77 258 0.002 -6.37 2.01 -10.32 -2.42  
140 6.59 258 0.014 -3.93 1.59 -7.05 -0.81  
150 10.05 258 0.021 -3.40 1.47 -6.29 -0.52  
160 7.89 258 0.014 -3.60 1.46 -6.48 -0.72  
170 4.40 258 0.013 -4.63 1.86 -8.28 -0.97  
180 20.33 258 0.001 -6.78 2.00 -10.72 -2.84  
190 58.30 258 <0.001 -8.80 1.70 -12.15 -5.45  
200 15.08 258 0.001 -5.36 1.53 -8.37 -2.36  
210 21.15 258 <0.001 -6.76 1.82 -10.33 -3.18  
220 18.33 258 <0.001 -6.34 1.56 -9.41 -3.27  
230 13.49 258 0.006 -4.75 1.70 -8.09 -1.41  
240 15.70 258 0.002 -6.18 1.99 -10.10 -2.25  
250 8.19 258 0.078 -4.71 2.66 -9.96 0.53  
260 25.31 258 0.003 -8.15 2.72 -13.50 -2.79  
270 31.78 258 0.001 -9.31 2.82 -14.85 -3.76  
280 58.60 258 <0.001 -14.62 2.95 -20.43 -8.80  
290 64.58 258 <0.001 -16.16 2.95 -21.98 -10.35  
300 49.84 258 <0.001 -12.73 3.02 -18.68 -6.78  
310 65.50 258 <0.001 -13.33 2.50 -18.25 -8.41  
320 56.43 258 <0.001 -12.58 2.51 -17.53 -7.64  
330 35.90 258 <0.001 -10.61 2.55 -15.63 -5.60  
340 38.95 258 <0.001 -10.64 2.43 -15.42 -5.86  
350 27.38 258 <0.001 -10.51 2.79 -16.00 -5.01  
360 32.12 258 <0.001 -10.36 2.42 -15.12 -5.60  
370 18.54 258 <0.001 -6.94 1.76 -10.40 -3.49  
380 5.99 258 0.002 -5.16 1.68 -8.46 -1.85  
390 2.67 258 0.079 -3.48 1.97 -7.37 0.41  
400 10.29 258 0.002 -5.85 1.88 -9.56 -2.14  
410 7.92 258 0.004 -6.09 2.11 -10.24 -1.95  
420 46.18 258 <0.001 -8.71 1.74 -12.14 -5.29  
430 25.93 258 <0.001 -8.23 2.08 -12.32 -4.14  
440 5.03 258 0.010 -5.81 2.23 -10.19 -1.43  
450 0.58 258 0.494 -1.60 2.34 -6.21 3.01  
460 2.52 258 0.705 -0.94 2.47 -5.80 3.92  
470 1.22 258 0.048 -4.14 2.08 -8.25 -0.04  
480 7.46 258 0.006 -4.91 1.76 -8.38 -1.44 
Velocity 10 0.19 258 0.275 0.09 0.08 -0.07 0.25  
20 0.06 258 0.237 0.10 0.08 -0.06 0.26  
30 0.04 258 0.940 -0.01 0.08 -0.16 0.15  
40 3.44 258 0.676 -0.03 0.08 -0.20 0.13 
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50 1.72 258 0.450 -0.06 0.08 -0.22 0.10  
60 0.41 258 0.469 -0.06 0.08 -0.21 0.10  
70 0.02 258 0.060 -0.15 0.08 -0.30 0.01  
80 0.28 258 0.015 -0.19 0.08 -0.35 -0.04  
90 1.87 258 0.018 -0.20 0.08 -0.36 -0.03  
100 1.06 258 0.001 -0.27 0.08 -0.44 -0.11  
110 0.02 258 0.021 -0.19 0.08 -0.36 -0.03  
120 4.13 258 <0.001 -0.31 0.08 -0.48 -0.15  
130 75.11 258 0.032 0.49 0.23 0.04 0.94  
140 77.91 258 <0.001 0.74 0.20 0.35 1.13  
150 59.65 258 0.001 0.54 0.16 0.22 0.86  
160 44.68 258 0.037 0.31 0.15 0.02 0.61  
170 34.69 258 0.054 0.25 0.13 0.00 0.49  
180 20.28 258 0.461 0.09 0.13 -0.16 0.34  
190 26.78 258 0.307 0.15 0.14 -0.13 0.43  
200 19.54 258 0.008 -0.33 0.13 -0.58 -0.09  
210 9.64 258 <0.001 -0.57 0.11 -0.79 -0.35  
220 12.12 258 <0.001 -0.64 0.12 -0.88 -0.40  
230 11.84 258 <0.001 -0.58 0.12 -0.82 -0.34  
240 16.40 258 <0.001 -0.61 0.12 -0.85 -0.38  
250 21.12 258 0.173 0.10 0.08 -0.05 0.25  
260 22.79 258 0.960 0.00 0.08 -0.16 0.16  
270 19.40 258 0.787 -0.02 0.08 -0.19 0.14  
280 3.46 258 0.335 -0.08 0.09 -0.26 0.09  
290 3.77 258 0.080 -0.15 0.09 -0.32 0.02  
300 0.66 258 0.020 -0.20 0.09 -0.37 -0.03  
310 0.41 258 <0.001 -0.33 0.09 -0.51 -0.16  
320 0.69 258 <0.001 -0.32 0.09 -0.49 -0.15  
330 0.23 258 <0.001 -0.37 0.09 -0.55 -0.20  
340 0.90 258 0.001 -0.28 0.09 -0.45 -0.11  
350 0.00 258 0.004 -0.25 0.08 -0.41 -0.08  
360 2.86 258 0.001 -0.28 0.09 -0.45 -0.11  
370 13.47 258 0.109 -0.25 0.15 -0.55 0.06  
380 49.20 258 0.674 0.08 0.18 -0.28 0.43  
390 52.10 258 0.950 -0.01 0.15 -0.31 0.29  
400 53.88 258 0.436 -0.11 0.15 -0.40 0.17  
410 57.16 258 0.040 -0.27 0.13 -0.54 -0.01  
420 23.83 258 <0.001 -0.55 0.13 -0.80 -0.29  
430 12.24 258 <0.001 -0.69 0.13 -0.93 -0.44  
440 16.16 258 <0.001 -0.75 0.11 -0.98 -0.52  
450 19.04 258 <0.001 -0.80 0.11 -1.03 -0.58  
460 7.36 258 <0.001 -0.97 0.11 -1.20 -0.75  
470 12.64 258 <0.001 -0.85 0.10 -1.05 -0.65  
480 6.68 258 <0.001 -0.99 0.10 -1.19 -0.79 
 
 
S-Table 9: Pairwise comparisons of velocity for Experiment 1 with E. marinus between 
fluoxetine treatments. Significance level p £ 0.05 
Exposure Time (s) Treatment Mean Diff Std. Error P-value 95% Confidence 
Lower Bound Upper Bound 
1 day 10 0 - 0.001 -0.12 0.17 1.000 -0.62 0.38   
0 - 0.01 0.02 0.17 1.000 -0.48 0.52   
0 - 0.1 0.27 0.18 1.000 -0.23 0.78   
0 - 1 -0.06 0.17 1.000 -0.56 0.44  
20 0 - 0.001 -0.34 0.21 1.000 -0.95 0.28   
0 - 0.01 -0.07 0.21 1.000 -0.68 0.55   
0 - 0.1 0.03 0.22 1.000 -0.60 0.65   
0 - 1 -0.38 0.21 0.759 -1.00 0.23  
30 0 - 0.001 -0.13 0.22 1.000 -0.77 0.52   
0 - 0.01 -0.03 0.22 1.000 -0.67 0.61 
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0 - 0.1 -0.15 0.23 1.000 -0.80 0.50   
0 - 1 -0.28 0.22 1.000 -0.92 0.36  
40 0 - 0.001 -0.06 0.25 1.000 -0.78 0.67   
0 - 0.01 0.32 0.25 1.000 -0.41 1.04   
0 - 0.1 -0.18 0.25 1.000 -0.91 0.55   
0 - 1 -0.01 0.25 1.000 -0.73 0.71  
50 0 - 0.001 -0.15 0.22 1.000 -0.77 0.48   
0 - 0.01 -0.03 0.22 1.000 -0.66 0.59   
0 - 0.1 -0.44 0.22 0.483 -1.07 0.19   
0 - 1 -0.26 0.22 1.000 -0.89 0.36  
60 0 - 0.001 -0.11 0.24 1.000 -0.79 0.58   
0 - 0.01 -0.08 0.24 1.000 -0.77 0.61   
0 - 0.1 -0.28 0.24 1.000 -0.98 0.42   
0 - 1 -0.26 0.24 1.000 -0.95 0.43  
70 0 - 0.001 -0.13 0.24 1.000 -0.82 0.56   
0 - 0.01 0.14 0.24 1.000 -0.55 0.83   
0 - 0.1 -0.01 0.24 1.000 -0.71 0.69   
0 - 1 -0.20 0.24 1.000 -0.89 0.49  
80 0 - 0.001 -0.08 0.23 1.000 -0.73 0.57   
0 - 0.01 0.20 0.23 1.000 -0.45 0.85   
0 - 0.1 -0.14 0.23 1.000 -0.80 0.52   
0 - 1 -0.28 0.23 1.000 -0.93 0.37  
90 0 - 0.001 -0.15 0.20 1.000 -0.74 0.43   
0 - 0.01 0.21 0.20 1.000 -0.38 0.80   
0 - 0.1 0.08 0.21 1.000 -0.51 0.68   
0 - 1 -0.09 0.20 1.000 -0.68 0.49  
100 0 - 0.001 0.13 0.19 1.000 -0.41 0.67   
0 - 0.01 0.32 0.19 0.952 -0.22 0.86   
0 - 0.1 0.39 0.19 0.455 -0.16 0.94   
0 - 1 0.03 0.19 1.000 -0.52 0.57  
110 0 - 0.001 -0.04 0.18 1.000 -0.56 0.49   
0 - 0.01 0.27 0.18 1.000 -0.25 0.80   
0 - 0.1 0.12 0.19 1.000 -0.41 0.66   
0 - 1 -0.17 0.18 1.000 -0.69 0.36  
120 0 - 0.001 0.31 0.22 1.000 -0.32 0.94   
0 - 0.01 0.55 0.22 0.133 -0.08 1.18   
0 - 0.1 0.42 0.22 0.587 -0.21 1.06   
0 - 1 0.19 0.22 1.000 -0.44 0.81  
130 0 - 0.001 0.53 0.59 1.000 -1.16 2.23   
0 - 0.01 1.00 0.59 0.929 -0.69 2.70   
0 - 0.1 0.22 0.60 1.000 -1.50 1.94   
0 - 1 0.32 0.59 1.000 -1.37 2.02  
140 0 - 0.001 1.59 0.63 0.133 -0.22 3.41   
0 - 0.01 1.48 0.63 0.209 -0.33 3.30   
0 - 0.1 0.86 0.64 1.000 -0.98 2.70   
0 - 1 0.65 0.63 1.000 -1.17 2.46  
150 0 - 0.001 1.01 0.59 0.922 -0.70 2.72   
0 - 0.01 0.35 0.59 1.000 -1.36 2.06   
0 - 0.1 0.29 0.60 1.000 -1.44 2.02   
0 - 1 -0.02 0.59 1.000 -1.73 1.69  
160 0 - 0.001 0.74 0.51 1.000 -0.72 2.20   
0 - 0.01 0.70 0.51 1.000 -0.76 2.16   
0 - 0.1 0.59 0.51 1.000 -0.89 2.07   
0 - 1 0.05 0.51 1.000 -1.41 1.51  
170 0 - 0.001 0.46 0.44 1.000 -0.81 1.73   
0 - 0.01 0.75 0.44 0.910 -0.52 2.03   
0 - 0.1 0.71 0.45 1.000 -0.58 1.99   
0 - 1 -0.08 0.44 1.000 -1.36 1.19  
180 0 - 0.001 0.56 0.45 1.000 -0.72 1.85   
0 - 0.01 0.84 0.45 0.628 -0.44 2.12   
0 - 0.1 0.34 0.45 1.000 -0.96 1.63   
0 - 1 -0.32 0.45 1.000 -1.60 0.96 
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190 0 - 0.001 0.78 0.43 0.756 -0.47 2.02   
0 - 0.01 0.69 0.43 1.000 -0.55 1.93   
0 - 0.1 0.46 0.44 1.000 -0.80 1.72   
0 - 1 0.14 0.43 1.000 -1.10 1.39  
200 0 - 0.001 0.68 0.35 0.534 -0.32 1.67   
0 - 0.01 0.81 0.35 0.219 -0.19 1.80   
0 - 0.1 0.83 0.35 0.198 -0.18 1.84   
0 - 1 0.58 0.35 0.974 -0.42 1.58  
210 0 - 0.001 0.57 0.32 0.774 -0.35 1.50   
0 - 0.01 0.39 0.32 1.000 -0.53 1.31   
0 - 0.1 0.48 0.33 1.000 -0.46 1.41   
0 - 1 0.40 0.32 1.000 -0.53 1.32  
220 0 - 0.001 0.58 0.30 0.524 -0.27 1.43   
0 - 0.01 0.41 0.30 1.000 -0.44 1.26   
0 - 0.1 0.28 0.30 1.000 -0.58 1.14   
0 - 1 -0.05 0.30 1.000 -0.90 0.80  
230 0 - 0.001 0.40 0.35 1.000 -0.61 1.40   
0 - 0.01 0.09 0.35 1.000 -0.91 1.10   
0 - 0.1 0.05 0.35 1.000 -0.96 1.07   
0 - 1 0.21 0.35 1.000 -0.80 1.21  
240 0 - 0.001 0.51 0.42 1.000 -0.68 1.71   
0 - 0.01 0.11 0.42 1.000 -1.09 1.30   
0 - 0.1 0.43 0.42 1.000 -0.78 1.64   
0 - 1 0.35 0.42 1.000 -0.85 1.54  
250 0 - 0.001 -0.03 0.13 1.000 -0.40 0.35   
0 - 0.01 0.13 0.13 1.000 -0.25 0.50   
0 - 0.1 0.04 0.13 1.000 -0.34 0.42   
0 - 1 -0.06 0.13 1.000 -0.44 0.31  
260 0 - 0.001 -0.27 0.15 0.807 -0.71 0.17   
0 - 0.01 0.00 0.15 1.000 -0.44 0.44   
0 - 0.1 -0.16 0.16 1.000 -0.60 0.29   
0 - 1 -0.27 0.15 0.851 -0.71 0.17  
270 0 - 0.001 -0.23 0.20 1.000 -0.80 0.34   
0 - 0.01 -0.08 0.20 1.000 -0.65 0.49   
0 - 0.1 -0.27 0.20 1.000 -0.85 0.30   
0 - 1 -0.45 0.20 0.268 -1.02 0.12  
280 0 - 0.001 -0.35 0.22 1.000 -0.99 0.28   
0 - 0.01 -0.11 0.22 1.000 -0.74 0.52   
0 - 0.1 -0.44 0.22 0.499 -1.08 0.20   
0 - 1 -0.50 0.22 0.246 -1.13 0.13  
290 0 - 0.001 -0.35 0.23 1.000 -1.02 0.32   
0 - 0.01 0.00 0.23 1.000 -0.67 0.66   
0 - 0.1 -0.13 0.24 1.000 -0.80 0.55   
0 - 1 -0.64 0.23 0.073 -1.30 0.03  
300 0 - 0.001 -0.31 0.27 1.000 -1.08 0.46   
0 - 0.01 0.12 0.27 1.000 -0.65 0.89   
0 - 0.1 -0.20 0.27 1.000 -0.98 0.58   
0 - 1 -0.56 0.27 0.405 -1.33 0.21  
310 0 - 0.001 -0.28 0.26 1.000 -1.01 0.46   
0 - 0.01 0.01 0.26 1.000 -0.73 0.74   
0 - 0.1 -0.38 0.26 1.000 -1.12 0.37   
0 - 1 -0.50 0.26 0.552 -1.23 0.24  
320 0 - 0.001 -0.25 0.26 1.000 -1.01 0.51   
0 - 0.01 -0.03 0.26 1.000 -0.80 0.73   
0 - 0.1 -0.48 0.27 0.782 -1.25 0.29   
0 - 1 -0.75 0.26 0.055 -1.51 0.01  
330 0 - 0.001 -0.39 0.26 1.000 -1.13 0.35   
0 - 0.01 -0.24 0.26 1.000 -0.98 0.50   
0 - 0.1 -0.61 0.26 0.214 -1.36 0.14  
340 0 - 0.001 -0.46 0.25 0.696 -1.18 0.26   
0 - 0.01 -0.29 0.25 1.000 -1.01 0.43   
0 - 0.1 -0.55 0.25 0.321 -1.28 0.18 
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0 - 1 -0.87 0.25 0.007 -1.59 -0.15  
350 0 - 0.001 -0.38 0.27 1.000 -1.16 0.40   
0 - 0.01 -0.14 0.27 1.000 -0.92 0.64   
0 - 0.1 -0.46 0.28 0.999 -1.25 0.33   
0 - 1 -0.85 0.27 0.024 -1.63 -0.07  
360 0 - 0.001 -0.24 0.27 1.000 -1.02 0.53   
0 - 0.01 0.15 0.27 1.000 -0.63 0.93   
0 - 0.1 -0.24 0.27 1.000 -1.03 0.55   
0 - 1 -0.39 0.27 1.000 -1.17 0.38  
370 0 - 0.001 0.72 0.38 0.617 -0.38 1.82   
0 - 0.01 0.76 0.38 0.500 -0.34 1.86   
0 - 0.1 0.69 0.39 0.788 -0.42 1.80   
0 - 1 0.01 0.38 1.000 -1.09 1.10  
380 0 - 0.001 0.73 0.51 1.000 -0.72 2.18   
0 - 0.01 0.61 0.51 1.000 -0.85 2.06   
0 - 0.1 1.05 0.51 0.433 -0.42 2.52   
0 - 1 0.12 0.51 1.000 -1.33 1.57  
390 0 - 0.001 0.99 0.55 0.759 -0.60 2.58   
0 - 0.01 0.62 0.55 1.000 -0.97 2.20   
0 - 0.1 0.83 0.56 1.000 -0.77 2.44   
0 - 1 0.68 0.55 1.000 -0.91 2.26  
400 0 - 0.001 0.98 0.47 0.399 -0.37 2.34   
0 - 0.01 0.75 0.47 1.000 -0.60 2.10   
0 - 0.1 1.24 0.48 0.108 -0.13 2.61   
0 - 1 0.72 0.47 1.000 -0.63 2.08  
410 0 - 0.001 0.08 0.46 1.000 -1.24 1.40   
0 - 0.01 0.23 0.46 1.000 -1.09 1.54   
0 - 0.1 0.50 0.46 1.000 -0.83 1.84   
0 - 1 0.05 0.46 1.000 -1.27 1.36  
420 0 - 0.001 0.44 0.40 1.000 -0.72 1.60   
0 - 0.01 0.72 0.40 0.789 -0.44 1.88   
0 - 0.1 0.59 0.41 1.000 -0.58 1.77   
0 - 1 0.78 0.40 0.573 -0.38 1.94  
430 0 - 0.001 0.41 0.43 1.000 -0.83 1.65   
0 - 0.01 0.69 0.43 1.000 -0.55 1.92   
0 - 0.1 0.66 0.44 1.000 -0.60 1.91   
0 - 1 0.23 0.43 1.000 -1.01 1.47  
440 0 - 0.001 0.48 0.43 1.000 -0.76 1.72   
0 - 0.01 0.32 0.43 1.000 -0.92 1.56   
0 - 0.1 0.35 0.44 1.000 -0.91 1.61   
0 - 1 0.40 0.43 1.000 -0.84 1.64  
450 0 - 0.001 0.52 0.39 1.000 -0.60 1.64   
0 - 0.01 0.81 0.39 0.419 -0.32 1.93   
0 - 0.1 0.51 0.40 1.000 -0.62 1.65   
0 - 1 0.13 0.39 1.000 -0.99 1.25  
460 0 - 0.001 0.43 0.39 1.000 -0.68 1.55   
0 - 0.01 0.70 0.39 0.750 -0.42 1.82   
0 - 0.1 0.82 0.39 0.399 -0.31 1.95   
0 - 1 0.11 0.39 1.000 -1.01 1.23  
470 0 - 0.001 0.42 0.38 1.000 -0.66 1.50   
0 - 0.01 0.72 0.38 0.592 -0.36 1.80   
0 - 0.1 0.50 0.38 1.000 -0.60 1.59   
0 - 1 -0.31 0.38 1.000 -1.39 0.77  
480 0 - 0.001 0.41 0.30 1.000 -0.46 1.28   
0 - 0.01 0.54 0.30 0.759 -0.33 1.41   
0 - 0.1 0.61 0.31 0.509 -0.28 1.49   
0 - 1 -0.01 0.30 1.000 -0.88 0.87 
1 week 10 0 - 0.001 0.87 0.44 0.483 -0.38 2.13   
0 - 0.01 0.86 0.44 0.506 -0.39 2.12   
0 - 0.1 0.03 0.44 1.000 -1.22 1.29   
0 - 1 -0.07 0.43 1.000 -1.30 1.17  
20 0 - 0.001 0.28 0.46 1.000 -1.04 1.61 
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0 - 0.01 0.27 0.46 1.000 -1.06 1.60   
0 - 0.1 0.18 0.46 1.000 -1.14 1.51   
0 - 1 -0.10 0.46 1.000 -1.41 1.21  
30 0 - 0.001 0.41 0.41 1.000 -0.75 1.58   
0 - 0.01 0.39 0.41 1.000 -0.78 1.55   
0 - 0.1 0.62 0.41 1.000 -0.55 1.78   
0 - 1 0.16 0.40 1.000 -0.99 1.31  
40 0 - 0.001 -0.50 0.49 1.000 -1.90 0.91   
0 - 0.01 -0.60 0.49 1.000 -2.01 0.81   
0 - 0.1 0.01 0.49 1.000 -1.40 1.41   
0 - 1 -0.38 0.48 1.000 -1.77 1.01  
50 0 - 0.001 0.03 0.47 1.000 -1.31 1.38   
0 - 0.01 -0.28 0.47 1.000 -1.62 1.07   
0 - 0.1 0.49 0.47 1.000 -0.86 1.84   
0 - 1 0.13 0.46 1.000 -1.20 1.46  
60 0 - 0.001 0.14 0.47 1.000 -1.22 1.50   
0 - 0.01 0.02 0.47 1.000 -1.34 1.37   
0 - 0.1 0.41 0.47 1.000 -0.95 1.77   
0 - 1 0.33 0.46 1.000 -1.01 1.66  
70 0 - 0.001 -0.09 0.44 1.000 -1.35 1.17   
0 - 0.01 0.19 0.44 1.000 -1.08 1.45   
0 - 0.1 0.47 0.44 1.000 -0.79 1.73   
0 - 1 -0.35 0.43 1.000 -1.59 0.89  
80 0 - 0.001 -0.14 0.44 1.000 -1.42 1.13   
0 - 0.01 0.18 0.44 1.000 -1.10 1.45   
0 - 0.1 0.70 0.44 1.000 -0.57 1.97   
0 - 1 -0.46 0.44 1.000 -1.72 0.79  
90 0 - 0.001 0.05 0.46 1.000 -1.28 1.38   
0 - 0.01 0.33 0.46 1.000 -1.00 1.66   
0 - 0.1 0.27 0.46 1.000 -1.06 1.60   
0 - 1 -0.76 0.46 0.967 -2.08 0.55  
100 0 - 0.001 0.34 0.43 1.000 -0.91 1.59   
0 - 0.01 0.18 0.43 1.000 -1.07 1.43   
0 - 0.1 0.50 0.43 1.000 -0.75 1.75   
0 - 1 -0.32 0.43 1.000 -1.55 0.91  
110 0 - 0.001 -0.16 0.44 1.000 -1.42 1.10   
0 - 0.01 -0.16 0.44 1.000 -1.42 1.10   
0 - 0.1 0.28 0.44 1.000 -0.98 1.54   
0 - 1 -0.54 0.43 1.000 -1.78 0.71  
120 0 - 0.001 0.16 0.46 1.000 -1.16 1.48   
0 - 0.01 0.55 0.46 1.000 -0.77 1.87   
0 - 0.1 0.66 0.46 1.000 -0.66 1.98   
0 - 1 0.21 0.45 1.000 -1.09 1.51  
130 0 - 0.001 0.81 0.54 1.000 -0.74 2.37   
0 - 0.01 -0.68 0.54 1.000 -2.24 0.88   
0 - 0.1 0.39 0.54 1.000 -1.17 1.95   
0 - 1 0.45 0.53 1.000 -1.08 1.99  
140 0 - 0.001 1.33 0.49 0.083 -0.09 2.75   
0 - 0.01 0.14 0.49 1.000 -1.28 1.56   
0 - 0.1 1.02 0.49 0.415 -0.40 2.44   
0 - 1 0.41 0.49 1.000 -0.99 1.81  
150 0 - 0.001 1.51 0.51 0.037 0.05 2.97   
0 - 0.01 0.26 0.51 1.000 -1.20 1.72   
0 - 0.1 0.69 0.51 1.000 -0.77 2.15   
0 - 1 0.34 0.50 1.000 -1.10 1.78  
160 0 - 0.001 1.27 0.49 0.106 -0.13 2.67   
0 - 0.01 0.82 0.49 0.961 -0.58 2.22   
0 - 0.1 0.56 0.49 1.000 -0.84 1.96   
0 - 1 0.49 0.48 1.000 -0.90 1.87  
170 0 - 0.001 0.78 0.50 1.000 -0.65 2.21   
0 - 0.01 0.59 0.50 1.000 -0.84 2.02   
0 - 0.1 0.51 0.50 1.000 -0.92 1.94 
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0 - 1 0.36 0.49 1.000 -1.06 1.77  
180 0 - 0.001 0.96 0.47 0.440 -0.39 2.30   
0 - 0.01 0.76 0.47 1.000 -0.59 2.11   
0 - 0.1 0.49 0.47 1.000 -0.86 1.84   
0 - 1 0.65 0.46 1.000 -0.67 1.98  
190 0 - 0.001 0.78 0.48 1.000 -0.61 2.16   
0 - 0.01 0.58 0.48 1.000 -0.80 1.97   
0 - 0.1 0.89 0.48 0.666 -0.49 2.28   
0 - 1 0.93 0.47 0.539 -0.44 2.29  
200 0 - 0.001 1.01 0.48 0.381 -0.37 2.40   
0 - 0.01 0.87 0.48 0.746 -0.52 2.25   
0 - 0.1 1.41 0.48 0.042 0.03 2.80   
0 - 1 1.36 0.47 0.050 0.00 2.73  
210 0 - 0.001 0.99 0.45 0.296 -0.30 2.28   
0 - 0.01 0.53 0.45 1.000 -0.75 1.82   
0 - 0.1 0.97 0.45 0.334 -0.32 2.25   
0 - 1 1.13 0.44 0.120 -0.14 2.40  
220 0 - 0.001 1.08 0.43 0.130 -0.15 2.32   
0 - 0.01 0.59 0.43 1.000 -0.64 1.82   
0 - 0.1 0.64 0.43 1.000 -0.59 1.87   
0 - 1 0.58 0.42 1.000 -0.63 1.80  
230 0 - 0.001 0.58 0.42 1.000 -0.62 1.78   
0 - 0.01 -0.03 0.42 1.000 -1.23 1.16   
0 - 0.1 0.33 0.42 1.000 -0.87 1.52   
0 - 1 -0.23 0.41 1.000 -1.41 0.95  
240 0 - 0.001 0.52 0.41 1.000 -0.66 1.69   
0 - 0.01 0.29 0.41 1.000 -0.89 1.47   
0 - 0.1 0.41 0.41 1.000 -0.77 1.59   
0 - 1 -0.05 0.40 1.000 -1.21 1.12  
250 0 - 0.001 -0.04 0.40 1.000 -1.18 1.10   
0 - 0.01 -0.22 0.40 1.000 -1.36 0.91   
0 - 0.1 0.28 0.40 1.000 -0.86 1.42   
0 - 1 -0.94 0.39 0.187 -2.06 0.19  
260 0 - 0.001 -0.37 0.50 1.000 -1.80 1.06   
0 - 0.01 -0.78 0.50 1.000 -2.21 0.65   
0 - 0.1 0.26 0.50 1.000 -1.17 1.69   
0 - 1 -0.79 0.49 1.000 -2.20 0.62  
270 0 - 0.001 -0.17 0.53 1.000 -1.71 1.36   
0 - 0.01 -0.19 0.53 1.000 -1.72 1.34   
0 - 0.1 -0.17 0.53 1.000 -1.70 1.36   
0 - 1 -0.77 0.52 1.000 -2.27 0.74  
280 0 - 0.001 0.03 0.53 1.000 -1.51 1.56   
0 - 0.01 -0.12 0.53 1.000 -1.65 1.42   
0 - 0.1 -0.17 0.53 1.000 -1.71 1.37   
0 - 1 -0.72 0.53 1.000 -2.24 0.79  
290 0 - 0.001 -0.04 0.54 1.000 -1.59 1.51   
0 - 0.01 0.43 0.54 1.000 -1.12 1.98   
0 - 0.1 -0.26 0.54 1.000 -1.81 1.30   
0 - 1 -0.73 0.53 1.000 -2.26 0.80  
300 0 - 0.001 -0.04 0.53 1.000 -1.57 1.48   
0 - 0.01 0.29 0.53 1.000 -1.23 1.82   
0 - 0.1 -0.01 0.53 1.000 -1.54 1.51   
0 - 1 -0.39 0.52 1.000 -1.90 1.12  
310 0 - 0.001 0.15 0.51 1.000 -1.32 1.62   
0 - 0.01 0.29 0.51 1.000 -1.18 1.76   
0 - 0.1 0.28 0.51 1.000 -1.19 1.75   
0 - 1 -0.31 0.50 1.000 -1.76 1.14  
320 0 - 0.001 -0.15 0.50 1.000 -1.60 1.30   
0 - 0.01 -0.39 0.50 1.000 -1.84 1.07   
0 - 0.1 -0.27 0.50 1.000 -1.73 1.18   
0 - 1 -0.48 0.50 1.000 -1.91 0.95  
330 0 - 0.001 0.31 0.57 1.000 -1.33 1.94 
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0 - 0.01 0.42 0.57 1.000 -1.21 2.05   
0 - 0.1 0.06 0.57 1.000 -1.58 1.69   
0 - 1 -0.08 0.56 1.000 -1.69 1.53  
340 0 - 0.001 -0.14 0.55 1.000 -1.73 1.45   
0 - 0.01 -0.07 0.55 1.000 -1.66 1.52   
0 - 0.1 -0.19 0.55 1.000 -1.78 1.40   
0 - 1 -0.34 0.55 1.000 -1.91 1.23  
350 0 - 0.001 -0.07 0.56 1.000 -1.68 1.53   
0 - 0.01 -0.13 0.56 1.000 -1.73 1.47   
0 - 0.1 -0.31 0.56 1.000 -1.91 1.29   
0 - 1 -0.64 0.55 1.000 -2.22 0.93  
360 0 - 0.001 0.16 0.54 1.000 -1.39 1.71   
0 - 0.01 -0.13 0.54 1.000 -1.68 1.42   
0 - 0.1 -0.41 0.54 1.000 -1.96 1.13   
0 - 1 -0.45 0.53 1.000 -1.98 1.08  
370 0 - 0.001 0.54 0.45 1.000 -0.75 1.84   
0 - 0.01 0.14 0.45 1.000 -1.15 1.43   
0 - 0.1 0.38 0.45 1.000 -0.91 1.67   
0 - 1 0.10 0.44 1.000 -1.17 1.38  
380 0 - 0.001 1.12 0.50 0.276 -0.32 2.56   
0 - 0.01 0.62 0.50 1.000 -0.82 2.06   
0 - 0.1 0.09 0.50 1.000 -1.36 1.53   
0 - 1 0.13 0.49 1.000 -1.29 1.56  
390 0 - 0.001 1.19 0.49 0.185 -0.24 2.61   
0 - 0.01 0.05 0.49 1.000 -1.38 1.47   
0 - 0.1 -0.10 0.49 1.000 -1.53 1.32   
0 - 1 -0.06 0.49 1.000 -1.46 1.35  
400 0 - 0.001 0.72 0.52 1.000 -0.78 2.23   
0 - 0.01 -0.07 0.52 1.000 -1.57 1.44   
0 - 0.1 0.26 0.52 1.000 -1.24 1.76   
0 - 1 -0.46 0.51 1.000 -1.94 1.03  
410 0 - 0.001 0.45 0.48 1.000 -0.93 1.84   
0 - 0.01 -0.29 0.48 1.000 -1.67 1.10   
0 - 0.1 0.10 0.48 1.000 -1.29 1.49   
0 - 1 -0.09 0.47 1.000 -1.46 1.28  
420 0 - 0.001 0.20 0.44 1.000 -1.08 1.48   
0 - 0.01 -0.33 0.44 1.000 -1.61 0.95   
0 - 0.1 0.27 0.44 1.000 -1.01 1.55   
0 - 1 0.08 0.44 1.000 -1.18 1.34  
430 0 - 0.001 0.47 0.48 1.000 -0.91 1.85   
0 - 0.01 -0.16 0.48 1.000 -1.54 1.22   
0 - 0.1 0.38 0.48 1.000 -1.00 1.76   
0 - 1 0.87 0.47 0.680 -0.49 2.23  
440 0 - 0.001 0.54 0.49 1.000 -0.88 1.95   
0 - 0.01 0.21 0.49 1.000 -1.20 1.63   
0 - 0.1 0.77 0.49 1.000 -0.65 2.18   
0 - 1 0.66 0.48 1.000 -0.73 2.06  
450 0 - 0.001 0.57 0.42 1.000 -0.65 1.79   
0 - 0.01 0.81 0.42 0.579 -0.40 2.03   
0 - 0.1 1.31 0.42 0.025 0.10 2.53   
0 - 1 1.12 0.42 0.088 -0.08 2.32  
460 0 - 0.001 0.32 0.43 1.000 -0.91 1.55   
0 - 0.01 1.17 0.43 0.073 -0.06 2.41   
0 - 0.1 1.37 0.43 0.020 0.13 2.60   
0 - 1 0.64 0.42 1.000 -0.57 1.85  
470 0 - 0.001 0.68 0.44 1.000 -0.60 1.95   
0 - 0.01 0.64 0.44 1.000 -0.63 1.92   
0 - 0.1 1.14 0.44 0.115 -0.13 2.42   
0 - 1 0.62 0.44 1.000 -0.63 1.88  
480 0 - 0.001 0.93 0.48 0.593 -0.47 2.32   
0 - 0.01 0.81 0.48 0.974 -0.58 2.21   
0 - 0.1 0.70 0.48 1.000 -0.70 2.09 
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0 - 1 0.61 0.48 1.000 -0.77 1.99 
2 week 10 0 - 0.001 0.25 0.46 1.000 -1.08 1.57   
0 - 0.01 -0.30 0.45 1.000 -1.60 1.01   
0 - 0.1 0.63 0.46 1.000 -0.70 1.95   
0 - 1 -0.33 0.45 1.000 -1.64 0.98  
20 0 - 0.001 0.08 0.45 1.000 -1.21 1.37   
0 - 0.01 0.16 0.44 1.000 -1.12 1.43   
0 - 0.1 0.53 0.45 1.000 -0.76 1.83   
0 - 1 0.20 0.44 1.000 -1.08 1.47  
30 0 - 0.001 0.22 0.42 1.000 -0.99 1.44   
0 - 0.01 0.67 0.42 1.000 -0.53 1.87   
0 - 0.1 0.86 0.42 0.447 -0.36 2.08   
0 - 1 0.16 0.42 1.000 -1.04 1.36  
40 0 - 0.001 -0.58 0.48 1.000 -1.97 0.81   
0 - 0.01 -0.11 0.48 1.000 -1.48 1.26   
0 - 0.1 -0.93 0.48 0.587 -2.32 0.47   
0 - 1 -0.69 0.48 1.000 -2.06 0.68  
50 0 - 0.001 -0.61 0.44 1.000 -1.89 0.67   
0 - 0.01 -0.62 0.44 1.000 -1.88 0.64   
0 - 0.1 -0.29 0.44 1.000 -1.57 0.98   
0 - 1 -0.72 0.44 1.000 -1.97 0.54  
60 0 - 0.001 -0.45 0.47 1.000 -1.80 0.90   
0 - 0.01 -0.60 0.46 1.000 -1.94 0.73   
0 - 0.1 -0.18 0.47 1.000 -1.53 1.18   
0 - 1 -0.77 0.46 0.985 -2.10 0.56  
70 0 - 0.001 -0.23 0.47 1.000 -1.58 1.13   
0 - 0.01 0.17 0.46 1.000 -1.16 1.50   
0 - 0.1 -0.16 0.47 1.000 -1.51 1.19   
0 - 1 -0.88 0.46 0.590 -2.21 0.45  
80 0 - 0.001 -0.53 0.53 1.000 -2.07 1.01   
0 - 0.01 -0.32 0.53 1.000 -1.83 1.20   
0 - 0.1 -0.11 0.53 1.000 -1.64 1.43   
0 - 1 -0.69 0.53 1.000 -2.20 0.83  
90 0 - 0.001 -0.41 0.49 1.000 -1.81 0.99   
0 - 0.01 -0.39 0.48 1.000 -1.77 0.99   
0 - 0.1 -0.32 0.49 1.000 -1.72 1.08   
0 - 1 -0.95 0.48 0.510 -2.33 0.43  
100 0 - 0.001 0.06 0.47 1.000 -1.28 1.41   
0 - 0.01 0.34 0.46 1.000 -0.98 1.67   
0 - 0.1 0.09 0.47 1.000 -1.26 1.43   
0 - 1 -0.81 0.46 0.829 -2.13 0.52  
110 0 - 0.001 -0.38 0.47 1.000 -1.72 0.96   
0 - 0.01 -0.18 0.46 1.000 -1.50 1.14   
0 - 0.1 0.37 0.47 1.000 -0.98 1.71   
0 - 1 -0.68 0.46 1.000 -2.01 0.64  
120 0 - 0.001 0.03 0.44 1.000 -1.23 1.29   
0 - 0.01 -0.39 0.43 1.000 -1.63 0.85   
0 - 0.1 0.64 0.44 1.000 -0.62 1.90   
0 - 1 -0.27 0.43 1.000 -1.51 0.97  
130 0 - 0.001 0.31 0.66 1.000 -1.59 2.21   
0 - 0.01 -0.15 0.65 1.000 -2.02 1.71   
0 - 0.1 -0.28 0.66 1.000 -2.17 1.62   
0 - 1 -0.35 0.65 1.000 -2.22 1.52  
140 0 - 0.001 0.96 0.56 0.895 -0.65 2.56   
0 - 0.01 0.48 0.55 1.000 -1.10 2.07   
0 - 0.1 -0.08 0.56 1.000 -1.68 1.53   
0 - 1 0.51 0.55 1.000 -1.07 2.09  
150 0 - 0.001 0.52 0.51 1.000 -0.96 2.00   
0 - 0.01 0.32 0.51 1.000 -1.14 1.78   
0 - 0.1 0.63 0.51 1.000 -0.85 2.12   
0 - 1 0.70 0.51 1.000 -0.76 2.16  
160 0 - 0.001 1.01 0.46 0.317 -0.32 2.35 
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0 - 0.01 0.63 0.46 1.000 -0.68 1.95   
0 - 0.1 1.13 0.46 0.166 -0.20 2.47   
0 - 1 0.65 0.46 1.000 -0.67 1.96  
170 0 - 0.001 1.26 0.50 0.146 -0.20 2.71   
0 - 0.01 0.41 0.50 1.000 -1.02 1.83   
0 - 0.1 1.60 0.50 0.020 0.15 3.05   
0 - 1 1.06 0.50 0.354 -0.37 2.49  
180 0 - 0.001 0.83 0.47 0.815 -0.52 2.18   
0 - 0.01 1.23 0.46 0.090 -0.10 2.56   
0 - 0.1 1.41 0.47 0.035 0.06 2.76   
0 - 1 0.65 0.46 1.000 -0.67 1.98  
190 0 - 0.001 0.35 0.49 1.000 -1.07 1.78   
0 - 0.01 0.75 0.49 1.000 -0.65 2.16   
0 - 0.1 1.23 0.49 0.148 -0.19 2.65   
0 - 1 -0.15 0.49 1.000 -1.55 1.25  
200 0 - 0.001 0.47 0.46 1.000 -0.87 1.80   
0 - 0.01 1.00 0.46 0.303 -0.31 2.31   
0 - 0.1 1.09 0.46 0.203 -0.24 2.42   
0 - 1 0.14 0.46 1.000 -1.17 1.45  
210 0 - 0.001 0.48 0.44 1.000 -0.78 1.74   
0 - 0.01 0.73 0.43 0.950 -0.51 1.97   
0 - 0.1 0.85 0.44 0.551 -0.41 2.11   
0 - 1 0.15 0.43 1.000 -1.09 1.39  
220 0 - 0.001 0.32 0.47 1.000 -1.02 1.67   
0 - 0.01 0.38 0.46 1.000 -0.94 1.71   
0 - 0.1 0.43 0.47 1.000 -0.92 1.78   
0 - 1 -0.28 0.46 1.000 -1.61 1.04  
230 0 - 0.001 0.02 0.45 1.000 -1.28 1.31   
0 - 0.01 0.53 0.44 1.000 -0.75 1.80   
0 - 0.1 0.51 0.45 1.000 -0.79 1.80   
0 - 1 0.27 0.44 1.000 -1.01 1.54  
240 0 - 0.001 0.46 0.43 1.000 -0.78 1.71   
0 - 0.01 0.42 0.43 1.000 -0.81 1.65   
0 - 0.1 1.22 0.43 0.061 -0.03 2.46   
0 - 1 0.93 0.43 0.317 -0.30 2.16  
250 0 - 0.001 -0.02 0.40 1.000 -1.16 1.13   
0 - 0.01 -0.39 0.39 1.000 -1.52 0.74   
0 - 0.1 0.31 0.40 1.000 -0.84 1.46   
0 - 1 -0.77 0.39 0.543 -1.90 0.37  
260 0 - 0.001 -0.86 0.57 1.000 -2.51 0.79   
0 - 0.01 -0.52 0.57 1.000 -2.15 1.11   
0 - 0.1 0.04 0.57 1.000 -1.61 1.69   
0 - 1 -1.28 0.57 0.257 -2.91 0.35  
270 0 - 0.001 -1.37 0.60 0.265 -3.11 0.38   
0 - 0.01 -1.24 0.60 0.407 -2.95 0.48   
0 - 0.1 -0.06 0.60 1.000 -1.80 1.68   
0 - 1 -1.70 0.60 0.055 -3.41 0.02  
280 0 - 0.001 -1.27 0.52 0.164 -2.76 0.22   
0 - 0.01 -1.30 0.51 0.128 -2.77 0.17   
0 - 0.1 -0.40 0.52 1.000 -1.90 1.09   
0 - 1 -1.69 0.51 0.014 -3.16 -0.22  
290 0 - 0.001 -0.74 0.48 1.000 -2.13 0.66   
0 - 0.01 -1.05 0.48 0.300 -2.43 0.32   
0 - 0.1 -0.63 0.48 1.000 -2.03 0.76   
0 - 1 -1.16 0.48 0.175 -2.53 0.22  
300 0 - 0.001 -0.32 0.53 1.000 -1.85 1.21   
0 - 0.01 -1.18 0.52 0.260 -2.69 0.32   
0 - 0.1 -0.46 0.53 1.000 -1.99 1.07   
0 - 1 -1.15 0.52 0.304 -2.66 0.36  
310 0 - 0.001 -0.87 0.49 0.813 -2.30 0.55   
0 - 0.01 -1.11 0.49 0.255 -2.51 0.30   
0 - 0.1 -0.74 0.49 1.000 -2.16 0.69 
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0 - 1 -1.13 0.49 0.225 -2.53 0.27  
320 0 - 0.001 -0.45 0.55 1.000 -2.03 1.13   
0 - 0.01 -0.86 0.54 1.000 -2.42 0.69   
0 - 0.1 -0.74 0.55 1.000 -2.31 0.84   
0 - 1 -0.94 0.54 0.843 -2.50 0.61  
330 0 - 0.001 -0.77 0.50 1.000 -2.22 0.67   
0 - 0.01 -0.69 0.49 1.000 -2.11 0.74   
0 - 0.1 -0.83 0.50 0.998 -2.28 0.61   
0 - 1 -1.31 0.49 0.096 -2.73 0.12  
340 0 - 0.001 -0.49 0.55 1.000 -2.08 1.09   
0 - 0.01 0.14 0.54 1.000 -1.43 1.70   
0 - 0.1 -0.58 0.55 1.000 -2.17 1.01   
0 - 1 -1.24 0.54 0.246 -2.81 0.32  
350 0 - 0.001 -0.37 0.54 1.000 -1.93 1.19   
0 - 0.01 -0.41 0.53 1.000 -1.94 1.13   
0 - 0.1 0.42 0.54 1.000 -1.14 1.98   
0 - 1 -1.20 0.53 0.269 -2.74 0.34  
360 0 - 0.001 -0.70 0.51 1.000 -2.17 0.77   
0 - 0.01 -0.69 0.50 1.000 -2.14 0.76   
0 - 0.1 -0.08 0.51 1.000 -1.55 1.39   
0 - 1 -1.56 0.50 0.026 -3.01 -0.11  
370 0 - 0.001 0.63 0.52 1.000 -0.88 2.14   
0 - 0.01 0.28 0.52 1.000 -1.21 1.77   
0 - 0.1 1.16 0.52 0.292 -0.35 2.68   
0 - 1 0.17 0.52 1.000 -1.32 1.66  
380 0 - 0.001 1.19 0.53 0.287 -0.35 2.72   
0 - 0.01 1.28 0.52 0.171 -0.24 2.79   
0 - 0.1 1.85 0.53 0.008 0.32 3.39   
0 - 1 1.17 0.52 0.285 -0.34 2.68  
390 0 - 0.001 0.20 0.51 1.000 -1.27 1.68   
0 - 0.01 0.08 0.50 1.000 -1.38 1.53   
0 - 0.1 1.41 0.51 0.071 -0.06 2.89   
0 - 1 0.49 0.50 1.000 -0.96 1.94  
400 0 - 0.001 0.40 0.51 1.000 -1.06 1.87   
0 - 0.01 0.18 0.50 1.000 -1.26 1.63   
0 - 0.1 1.06 0.51 0.406 -0.41 2.52   
0 - 1 0.62 0.50 1.000 -0.83 2.06  
410 0 - 0.001 0.82 0.54 1.000 -0.74 2.38   
0 - 0.01 0.48 0.53 1.000 -1.05 2.02   
0 - 0.1 1.39 0.54 0.117 -0.16 2.95   
0 - 1 0.92 0.53 0.887 -0.62 2.45  
420 0 - 0.001 1.14 0.48 0.189 -0.23 2.51   
0 - 0.01 1.06 0.47 0.259 -0.29 2.41   
0 - 0.1 1.59 0.48 0.012 0.22 2.96   
0 - 1 1.68 0.47 0.006 0.33 3.03  
430 0 - 0.001 1.17 0.48 0.166 -0.21 2.54   
0 - 0.01 1.04 0.47 0.302 -0.32 2.39   
0 - 0.1 0.94 0.48 0.521 -0.44 2.31   
0 - 1 0.92 0.47 0.545 -0.44 2.27  
440 0 - 0.001 1.06 0.48 0.299 -0.32 2.43   
0 - 0.01 0.57 0.47 1.000 -0.79 1.92   
0 - 0.1 0.29 0.48 1.000 -1.09 1.67   
0 - 1 -0.11 0.47 1.000 -1.47 1.24  
450 0 - 0.001 0.30 0.48 1.000 -1.08 1.67   
0 - 0.01 0.13 0.47 1.000 -1.22 1.49   
0 - 0.1 0.13 0.48 1.000 -1.25 1.50   
0 - 1 -0.13 0.47 1.000 -1.48 1.23  
460 0 - 0.001 0.54 0.41 1.000 -0.65 1.73   
0 - 0.01 0.08 0.41 1.000 -1.09 1.25   
0 - 0.1 0.34 0.41 1.000 -0.85 1.53   
0 - 1 0.37 0.41 1.000 -0.80 1.54  
470 0 - 0.001 0.17 0.55 1.000 -1.41 1.75 
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0 - 0.01 0.06 0.54 1.000 -1.50 1.61   
0 - 0.1 0.52 0.55 1.000 -1.06 2.10   
0 - 1 -0.08 0.54 1.000 -1.63 1.48  
480 0 - 0.001 0.01 0.50 1.000 -1.42 1.43   
0 - 0.01 0.05 0.49 1.000 -1.36 1.45   
0 - 0.1 0.46 0.50 1.000 -0.97 1.88   
0 - 1 -0.20 0.49 1.000 -1.61 1.21 
 
 
S-Table 10: Measured levels of fluoxetine, R-fluoxetine, S-fluoxetine and it’s metabolites 
in fresh water from G. pulex exposure studies.  
Experiment treatment compound Day 0 Influent Day 4 Effluent Day 4 Influent Day 15 Effluent 
Fluoxetine Control Total Fluoxetine <MDL 0.004 0.009 <MDL   
R-Fluoxetine <MDL 0.003* 0.004 <MDL   
S-Fluoxetine <MDL 0.001* 0.005 <MDL   
R-Norfluoxetine <MDL <MDL <MDL <MDL   
S-Norfluoxetine <MDL <MDL <MDL <MDL  
0.01 ug L-1 Total Fluoxetine 0.005 <MDL 0.019 <MDL   
R-Fluoxetine 0.004 <MDL 0.01 <MDL   
S-Fluoxetine 0.001 <MDL 0.009 <MDL   
R-Norfluoxetine <MDL <MDL <MDL <MDL   
S-Norfluoxetine <MDL <MDL <MDL <MDL  
0.10 ug L-1  Total Fluoxetine 0.053 0.044 0.192 0.036   
R-Fluoxetine 0.027 0.021 0.095 0.018   
S-Fluoxetine 0.026 0.023 0.097 0.018   
R-Norfluoxetine <MDL <MDL <MDL <MDL   
S-Norfluoxetine <MDL <MDL <MDL <MDL  
1.00 ug L-1 Total Fluoxetine 0.845 0.574 0.972 0.612   
R-Fluoxetine 0.413 0.281 0.495 0.303   
S-Fluoxetine 0.432 0.293 0.477 0.309   
R-Norfluoxetine <MDL <MDL <MDL <MDL   
S-Norfluoxetine <MDL <MDL <MDL <MDL 
R-Fluoxetine Control Total Fluoxetine <MDL <MDL 0.238 <MDL   
R-Fluoxetine <MDL <MDL 0.238 <MDL   
S-Fluoxetine <MDL <MDL <MDL <MDL   
R-Norfluoxetine <MDL <MDL <MDL <MDL   
S-Norfluoxetine <MDL <MDL <MDL <MDL  
0.01 ug L-1 Total Fluoxetine 0.014 0.044 0.108 0.015   
R-Fluoxetine 0.014 0.044 0.108 0.015   
S-Fluoxetine <MDL <MDL <MDL <MDL   
R-Norfluoxetine <MDL <MDL <MDL <MDL   
S-Norfluoxetine <MDL <MDL <MDL <MDL  
0.10 ug L-1  Total Fluoxetine 0.149 0.08 0.226 0.157   
R-Fluoxetine 0.149 0.08 0.226 0.157   
S-Fluoxetine <MDL <MDL <MDL <MDL   
R-Norfluoxetine <MDL <MDL <MDL <MDL   
S-Norfluoxetine <MDL <MDL <MDL <MDL  
1.00 ug L-1 ** Total Fluoxetine 1.49 1.087 1.654 1.26   
R-Fluoxetine 1.464 1.067 1.647 1.253   
S-Fluoxetine 0.026 0.02 0.007 0.007   
R-Norfluoxetine <MDL <MDL <MDL <MDL   
S-Norfluoxetine <MDL <MDL <MDL <MDL 
S-Fluoxetine Control Total Fluoxetine 0.007 <MDL 0.001 <MDL   
R-Fluoxetine 0.007* <MDL 0.001* <MDL   
S-Fluoxetine <MDL <MDL <MDL <MDL   
R-Norfluoxetine <MDL <MDL <MDL <MDL   
S-Norfluoxetine <MDL <MDL <MDL <MDL  
0.01 ug L-1 Total Fluoxetine 0.014 0.005 0.018 0.003   
R-Fluoxetine 0.001 <MDL <MDL <MDL   
S-Fluoxetine 0.013 0.005 0.018 0.003   
R-Norfluoxetine <MDL <MDL <MDL <MDL   
S-Norfluoxetine <MDL <MDL <MDL <MDL 
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0.10 ug L-1  Total Fluoxetine 0.112 0.069 0.132 0.085   
R-Fluoxetine 0.004 <MDL 0.002 <MDL   
S-Fluoxetine 0.108 0.069 0.13 0.085   
R-Norfluoxetine <MDL <MDL <MDL <MDL   
S-Norfluoxetine <MDL <MDL <MDL <MDL  
1.00 ug L-1 Total Fluoxetine 1.113 0.69 1.061 0.723   
R-Fluoxetine 0.025 0.007 0.018 0.011   
S-Fluoxetine 1.088 0.683 1.043 0.712   
R-Norfluoxetine <MDL <MDL <MDL <MDL   
S-Norfluoxetine <MDL <MDL <MDL <MDL 
 
 
S-Table 11: Pairwise comparisons of Phototaxis and Thigmotaxis for G. pulex fluoxetine 
exposure between treatments. Significance level p £ 0.05 
Endpoint Exposure time bin treatment Mean Diff Std. Error P-value 95% Confidence 
Lower Upper 
Phototaxis 1 day  2min 0 - 0.001 -4.83 6.11 1.000 -22.39 12.73    
0 - 0.01 -4.40 6.19 1.000 -22.19 13.39    
0 - 0.1 -0.05 6.11 1.000 -17.61 17.51    
0 - 1 3.13 6.11 1.000 -14.43 20.69    
0.001 - 0.01 0.43 6.19 1.000 -17.36 18.22    
0.001 - 0.1 4.78 6.11 1.000 -12.78 22.34    
0.001 - 1 7.96 6.11 1.000 -9.60 25.52    
0.01 - 0.1 4.35 6.19 1.000 -13.44 22.14    
0.01 - 1 7.53 6.19 1.000 -10.26 25.32    
0.1 - 1 3.18 6.11 1.000 -14.38 20.74   
4min 0 - 0.001 5.02 4.84 1.000 -8.89 18.94    
0 - 0.01 8.60 4.91 0.828 -5.50 22.70    
0 - 0.1 11.81 4.84 0.166 -2.11 25.73    
0 - 1 -2.78 4.84 1.000 -16.70 11.14    
0.001 - 0.01 3.57 4.91 1.000 -10.53 17.68    
0.001 - 0.1 6.79 4.84 1.000 -7.13 20.71    
0.001 - 1 -7.80 4.84 1.000 -21.72 6.12    
0.01 - 0.1 3.21 4.91 1.000 -10.89 17.32    
0.01 - 1 -11.38 4.91 0.226 -25.48 2.73    
0.1 - 1 -14.59 4.84 0.033 -28.51 -0.67   
6min 0 - 0.001 15.80 6.29 0.137 -2.28 33.89    
0 - 0.01 4.75 6.37 1.000 -13.58 23.07    
0 - 0.1 8.07 6.29 1.000 -10.01 26.16    
0 - 1 9.54 6.29 1.000 -8.54 27.63    
0.001 - 0.01 -11.06 6.37 0.860 -29.38 7.27    
0.001 - 0.1 -7.73 6.29 1.000 -25.81 10.36    
0.001 - 1 -6.26 6.29 1.000 -24.34 11.83    
0.01 - 0.1 3.33 6.37 1.000 -14.99 21.65    
0.01 - 1 4.80 6.37 1.000 -13.52 23.12    
0.1 - 1 1.47 6.29 1.000 -16.62 19.55   
8min 0 - 0.001 4.41 4.93 1.000 -9.76 18.57    
0 - 0.01 6.29 4.99 1.000 -8.06 20.64    
0 - 0.1 6.20 4.93 1.000 -7.97 20.36    
0 - 1 0.74 4.93 1.000 -13.42 14.90    
0.001 - 0.01 1.88 4.99 1.000 -12.47 16.23    
0.001 - 0.1 1.79 4.93 1.000 -12.37 15.95    
0.001 - 1 -3.67 4.93 1.000 -17.83 10.49    
0.01 - 0.1 -0.09 4.99 1.000 -14.44 14.25    
0.01 - 1 -5.55 4.99 1.000 -19.90 8.80    
0.1 - 1 -5.46 4.93 1.000 -19.62 8.71  
1 week  2min 0 - 0.001 -1.30 8.97 1.000 -27.09 24.49    
0 - 0.01 0.78 9.21 1.000 -25.72 27.27    
0 - 0.1 2.23 8.97 1.000 -23.56 28.02    
0 - 1 -10.69 8.97 1.000 -36.48 15.10    
0.001 - 0.01 2.08 9.21 1.000 -24.42 28.58 
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0.001 - 0.1 3.53 8.97 1.000 -22.26 29.32    
0.001 - 1 -9.39 8.97 1.000 -35.18 16.40    
0.01 - 0.1 1.45 9.21 1.000 -25.04 27.95    
0.01 - 1 -11.47 9.21 1.000 -37.96 15.03    
0.1 - 1 -12.92 8.97 1.000 -38.71 12.87   
4min 0 - 0.001 -0.45 4.95 1.000 -14.69 13.80    
0 - 0.01 4.71 5.09 1.000 -9.93 19.35    
0 - 0.1 4.48 4.95 1.000 -9.76 18.73    
0 - 1 -3.75 4.95 1.000 -18.00 10.49    
0.001 - 0.01 5.16 5.09 1.000 -9.48 19.79    
0.001 - 0.1 4.93 4.95 1.000 -9.32 19.18    
0.001 - 1 -3.31 4.95 1.000 -17.55 10.94    
0.01 - 0.1 -0.23 5.09 1.000 -14.86 14.41    
0.01 - 1 -8.46 5.09 0.998 -23.10 6.17    
0.1 - 1 -8.23 4.95 0.999 -22.48 6.01   
6min 0 - 0.001 -10.86 7.47 1.000 -32.35 10.63    
0 - 0.01 2.21 7.68 1.000 -19.87 24.28    
0 - 0.1 -3.78 7.47 1.000 -25.27 17.71    
0 - 1 -13.78 7.47 0.683 -35.27 7.71    
0.001 - 0.01 13.07 7.68 0.921 -9.01 35.15    
0.001 - 0.1 7.08 7.47 1.000 -14.40 28.57    
0.001 - 1 -2.92 7.47 1.000 -24.41 18.57    
0.01 - 0.1 -5.98 7.68 1.000 -28.06 16.09    
0.01 - 1 -15.99 7.68 0.401 -38.07 6.09    
0.1 - 1 -10.00 7.47 1.000 -31.49 11.49   
8min 0 - 0.001 -7.37 5.36 1.000 -22.77 8.04    
0 - 0.01 4.16 5.50 1.000 -11.67 19.98    
0 - 0.1 0.97 5.36 1.000 -14.43 16.37    
0 - 1 -6.87 5.36 1.000 -22.27 8.53    
0.001 - 0.01 11.52 5.50 0.390 -4.30 27.35    
0.001 - 0.1 8.34 5.36 1.000 -7.06 23.74    
0.001 - 1 0.50 5.36 1.000 -14.91 15.90    
0.01 - 0.1 -3.19 5.50 1.000 -19.01 12.64    
0.01 - 1 -11.03 5.50 0.480 -26.85 4.80    
0.1 - 1 -7.84 5.36 1.000 -23.24 7.56  
2 weeks 2min 0 - 0.001 -20.15 8.17 0.155 -43.67 3.36    
0 - 0.01 1.82 8.40 1.000 -22.34 25.98    
0 - 0.1 16.28 8.17 0.493 -7.23 39.80    
0 - 1 -4.43 8.40 1.000 -28.59 19.73    
0.001 - 0.01 21.97 8.40 0.104 -2.19 46.13    
0.001 - 0.1 36.44 8.17 <0.001 12.92 59.95    
0.001 - 1 15.72 8.40 0.644 -8.44 39.88    
0.01 - 0.1 14.46 8.40 0.884 -9.69 38.62    
0.01 - 1 -6.25 8.62 1.000 -31.04 18.54    
0.1 - 1 -20.71 8.40 0.155 -44.87 3.44   
4min 0 - 0.001 -8.97 4.92 0.713 -23.12 5.17    
0 - 0.01 4.36 5.05 1.000 -10.18 18.89    
0 - 0.1 2.74 4.92 1.000 -11.40 16.89    
0 - 1 -8.74 5.05 0.869 -23.27 5.79    
0.001 - 0.01 13.33 5.05 0.098 -1.21 27.86    
0.001 - 0.1 11.72 4.92 0.192 -2.43 25.86    
0.001 - 1 0.23 5.05 1.000 -14.30 14.76    
0.01 - 0.1 -1.61 5.05 1.000 -16.14 12.92    
0.01 - 1 -13.10 5.18 0.132 -28.01 1.81    
0.1 - 1 -11.49 5.05 0.253 -26.02 3.05   
6min 0 - 0.001 -13.89 7.49 0.670 -35.45 7.67    
0 - 0.01 -13.23 7.70 0.891 -35.38 8.92    
0 - 0.1 -3.39 7.49 1.000 -24.95 18.16    
0 - 1 -1.53 7.70 1.000 -23.68 20.62    
0.001 - 0.01 0.66 7.70 1.000 -21.49 22.81    
0.001 - 0.1 10.50 7.49 1.000 -11.06 32.05    
0.001 - 1 12.36 7.70 1.000 -9.79 34.51 
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0.01 - 0.1 9.83 7.70 1.000 -12.31 31.98    
0.01 - 1 11.70 7.90 1.000 -11.02 34.42    
0.1 - 1 1.87 7.70 1.000 -20.28 24.01   
8min 0 - 0.001 -8.08 5.50 1.000 -23.92 7.75    
0 - 0.01 2.23 5.65 1.000 -14.04 18.50    
0 - 0.1 8.10 5.50 1.000 -7.73 23.94    
0 - 1 -4.98 5.65 1.000 -21.25 11.29    
0.001 - 0.01 10.32 5.65 0.713 -5.95 26.59    
0.001 - 0.1 16.19 5.50 0.041 0.35 32.02    
0.001 - 1 3.10 5.65 1.000 -13.16 19.37    
0.01 - 0.1 5.87 5.65 1.000 -10.40 22.14    
0.01 - 1 -7.21 5.80 1.000 -23.90 9.48    
0.1 - 1 -13.08 5.65 0.229 -29.35 3.18 
Thigmotaxis 1 day 2min 0 - 0.001 -3.94 4.64 1.000 -17.29 9.41    
0 - 0.01 0.15 4.70 1.000 -13.38 13.68    
0 - 0.1 -6.02 4.64 1.000 -19.37 7.34    
0 - 1 -3.61 4.70 1.000 -17.14 9.91    
0.001 - 0.01 4.09 4.70 1.000 -9.44 17.62    
0.001 - 0.1 -2.07 4.64 1.000 -15.43 11.28    
0.001 - 1 0.33 4.70 1.000 -13.20 13.86    
0.01 - 0.1 -6.17 4.70 1.000 -19.69 7.36    
0.01 - 1 -3.76 4.76 1.000 -17.46 9.94    
0.1 - 1 2.40 4.70 1.000 -11.12 15.93   
4min 0 - 0.001 -3.66 2.44 1.000 -10.67 3.35    
0 - 0.01 1.13 2.47 1.000 -5.97 8.23    
0 - 0.1 1.07 2.44 1.000 -5.94 8.08    
0 - 1 -0.59 2.47 1.000 -7.69 6.51    
0.001 - 0.01 4.79 2.47 0.553 -2.31 11.89    
0.001 - 0.1 4.74 2.44 0.550 -2.27 11.74    
0.001 - 1 3.08 2.47 1.000 -4.02 10.18    
0.01 - 0.1 -0.06 2.47 1.000 -7.16 7.04    
0.01 - 1 -1.72 2.50 1.000 -8.91 5.47    
0.1 - 1 -1.66 2.47 1.000 -8.76 5.44   
6min 0 - 0.001 -6.62 4.26 1.000 -18.86 5.62    
0 - 0.01 2.30 4.31 1.000 -10.10 14.70    
0 - 0.1 -8.83 4.26 0.408 -21.07 3.41    
0 - 1 -3.07 4.31 1.000 -15.47 9.33    
0.001 - 0.01 8.91 4.31 0.415 -3.49 21.31    
0.001 - 0.1 -2.21 4.26 1.000 -14.46 10.03    
0.001 - 1 3.55 4.31 1.000 -8.85 15.95    
0.01 - 0.1 -11.13 4.31 0.114 -23.53 1.27    
0.01 - 1 -5.36 4.37 1.000 -17.92 7.20    
0.1 - 1 5.76 4.31 1.000 -6.64 18.16   
8min 0 - 0.001 2.84 2.41 1.000 -4.07 9.76    
0 - 0.01 3.38 2.44 1.000 -3.63 10.38    
0 - 0.1 1.86 2.41 1.000 -5.06 8.78    
0 - 1 4.59 2.44 0.627 -2.42 11.60    
0.001 - 0.01 0.53 2.44 1.000 -6.48 7.54    
0.001 - 0.1 -0.99 2.41 1.000 -7.91 5.93    
0.001 - 1 1.75 2.44 1.000 -5.26 8.76    
0.01 - 0.1 -1.52 2.44 1.000 -8.53 5.49    
0.01 - 1 1.22 2.47 1.000 -5.88 8.31    
0.1 - 1 2.73 2.44 1.000 -4.27 9.74  
1 week 2min 0 - 0.001 -6.06 4.08 1.000 -17.80 5.69    
0 - 0.01 4.41 4.20 1.000 -7.66 16.48    
0 - 0.1 -0.50 4.08 1.000 -12.25 11.25    
0 - 1 6.17 4.14 1.000 -5.73 18.07    
0.001 - 0.01 10.47 4.20 0.144 -1.60 22.54    
0.001 - 0.1 5.55 4.08 1.000 -6.19 17.30    
0.001 - 1 12.23 4.14 0.040 0.32 24.13    
0.01 - 0.1 -4.92 4.20 1.000 -16.99 7.15    
0.01 - 1 1.76 4.25 1.000 -10.46 13.98 
331 
 
   
0.1 - 1 6.67 4.14 1.000 -5.23 18.57   
4min 0 - 0.001 -2.68 2.00 1.000 -8.43 3.06    
0 - 0.01 -1.26 2.05 1.000 -7.16 4.64    
0 - 0.1 -1.51 2.00 1.000 -7.25 4.23    
0 - 1 -1.55 2.02 1.000 -7.37 4.27    
0.001 - 0.01 1.43 2.05 1.000 -4.47 7.32    
0.001 - 0.1 1.17 2.00 1.000 -4.57 6.91    
0.001 - 1 1.13 2.02 1.000 -4.68 6.95    
0.01 - 0.1 -0.25 2.05 1.000 -6.15 5.64    
0.01 - 1 -0.29 2.08 1.000 -6.26 5.68    
0.1 - 1 -0.04 2.02 1.000 -5.85 5.78   
6min 0 - 0.001 -7.21 4.47 1.000 -20.07 5.64    
0 - 0.01 3.58 4.59 1.000 -9.63 16.79    
0 - 0.1 -4.68 4.47 1.000 -17.54 8.18    
0 - 1 5.43 4.53 1.000 -7.59 18.46    
0.001 - 0.01 10.79 4.59 0.209 -2.42 24.00    
0.001 - 0.1 2.53 4.47 1.000 -10.32 15.39    
0.001 - 1 12.65 4.53 0.064 -0.38 25.67    
0.01 - 0.1 -8.26 4.59 0.754 -21.47 4.95    
0.01 - 1 1.85 4.65 1.000 -11.52 15.23    
0.1 - 1 10.11 4.53 0.280 -2.91 23.14   
8min 0 - 0.001 -3.84 2.43 1.000 -10.83 3.15    
0 - 0.01 -1.01 2.50 1.000 -8.19 6.17    
0 - 0.1 -4.05 2.43 0.986 -11.04 2.93    
0 - 1 0.17 2.46 1.000 -6.91 7.25    
0.001 - 0.01 2.83 2.50 1.000 -4.35 10.01    
0.001 - 0.1 -0.22 2.43 1.000 -7.20 6.77    
0.001 - 1 4.00 2.46 1.000 -3.08 11.08    
0.01 - 0.1 -3.04 2.50 1.000 -10.22 4.14    
0.01 - 1 1.18 2.53 1.000 -6.09 8.45    
0.1 - 1 4.22 2.46 0.898 -2.86 11.30  
2 weeks  2min 0 - 0.001 -2.91 3.71 1.000 -13.59 7.77    
0 - 0.01 1.84 3.81 1.000 -9.14 12.81    
0 - 0.1 -2.87 3.71 1.000 -13.55 7.81    
0 - 1 -1.95 3.81 1.000 -12.92 9.02    
0.001 - 0.01 4.75 3.81 1.000 -6.22 15.72    
0.001 - 0.1 0.04 3.71 1.000 -10.64 10.72    
0.001 - 1 0.96 3.81 1.000 -10.01 11.93    
0.01 - 0.1 -4.71 3.81 1.000 -15.68 6.26    
0.01 - 1 -3.79 3.91 1.000 -15.04 7.47    
0.1 - 1 0.92 3.81 1.000 -10.05 11.89   
4min 0 - 0.001 -2.59 2.27 1.000 -9.11 3.93    
0 - 0.01 -0.66 2.33 1.000 -7.36 6.04    
0 - 0.1 -0.09 2.27 1.000 -6.61 6.42    
0 - 1 -0.44 2.33 1.000 -7.13 6.26    
0.001 - 0.01 1.93 2.33 1.000 -4.77 8.63    
0.001 - 0.1 2.50 2.27 1.000 -4.02 9.02    
0.001 - 1 2.16 2.33 1.000 -4.54 8.85    
0.01 - 0.1 0.57 2.33 1.000 -6.13 7.26    
0.01 - 1 0.23 2.39 1.000 -6.65 7.10    
0.1 - 1 -0.34 2.33 1.000 -7.04 6.36   
6min 0 - 0.001 -0.89 4.99 1.000 -15.26 13.47    
0 - 0.01 3.96 5.13 1.000 -10.80 18.72    
0 - 0.1 -3.44 4.99 1.000 -17.80 10.93    
0 - 1 0.16 5.13 1.000 -14.60 14.91    
0.001 - 0.01 4.85 5.13 1.000 -9.90 19.61    
0.001 - 0.1 -2.54 4.99 1.000 -16.91 11.82    
0.001 - 1 1.05 5.13 1.000 -13.71 15.81    
0.01 - 0.1 -7.40 5.13 1.000 -22.15 7.36    
0.01 - 1 -3.81 5.26 1.000 -18.95 11.34    
0.1 - 1 3.59 5.13 1.000 -11.17 18.35   
8min 0 - 0.001 -0.04 3.11 1.000 -8.99 8.92 
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0 - 0.01 0.28 3.20 1.000 -8.92 9.48    
0 - 0.1 0.27 3.11 1.000 -8.69 9.22    
0 - 1 1.22 3.20 1.000 -7.99 10.42    
0.001 - 0.01 0.32 3.20 1.000 -8.88 9.52    
0.001 - 0.1 0.30 3.11 1.000 -8.65 9.26    
0.001 - 1 1.25 3.20 1.000 -7.95 10.45    
0.01 - 0.1 -0.01 3.20 1.000 -9.22 9.19    
0.01 - 1 0.93 3.28 1.000 -8.51 10.37    
0.1 - 1 0.95 3.20 1.000 -8.25 10.15 
 
 
S-Table 12: Pairwise comparisons of 10 second velocity data for G. pulex fluoxetine 
exposure between treatments. Significance level p £ 0.05 
Exposure Time (s) Comparison Mean Diff Std. Error P-value 95% Confidence 
Lower Upper 
1 day 10 0 - 0.001 0.14 0.13 1.000 -0.22 0.51   
0 - 0.01 0.04 0.13 1.000 -0.33 0.41   
0 - 0.1 0.16 0.13 1.000 -0.20 0.53   
0 - 1 -0.19 0.13 1.000 -0.56 0.18  
20 0 - 0.001 0.20 0.13 1.000 -0.18 0.57   
0 - 0.01 0.19 0.13 1.000 -0.19 0.57   
0 - 0.1 0.28 0.13 0.373 -0.10 0.65   
0 - 1 0.00 0.13 1.000 -0.38 0.38  
30 0 - 0.001 0.25 0.12 0.339 -0.08 0.59   
0 - 0.01 0.28 0.12 0.201 -0.06 0.62   
0 - 0.1 0.18 0.12 1.000 -0.15 0.52   
0 - 1 0.03 0.12 1.000 -0.31 0.37  
40 0 - 0.001 0.16 0.12 1.000 -0.20 0.51   
0 - 0.01 0.14 0.12 1.000 -0.22 0.50   
0 - 0.1 0.21 0.12 0.889 -0.14 0.57   
0 - 1 0.04 0.12 1.000 -0.31 0.40  
50 0 - 0.001 0.19 0.16 1.000 -0.25 0.64   
0 - 0.01 0.37 0.16 0.198 -0.08 0.83   
0 - 0.1 0.41 0.16 0.096 -0.04 0.86   
0 - 1 0.08 0.16 1.000 -0.37 0.54  
60 0 - 0.001 0.26 0.17 1.000 -0.23 0.75   
0 - 0.01 0.36 0.17 0.385 -0.13 0.86   
0 - 0.1 0.36 0.17 0.357 -0.13 0.85   
0 - 1 0.02 0.17 1.000 -0.48 0.51  
70 0 - 0.001 0.16 0.16 1.000 -0.30 0.63   
0 - 0.01 0.30 0.16 0.667 -0.17 0.77   
0 - 0.1 0.37 0.16 0.255 -0.10 0.83   
0 - 1 0.04 0.16 1.000 -0.44 0.51  
80 0 - 0.001 0.16 0.15 1.000 -0.27 0.59   
0 - 0.01 0.32 0.15 0.401 -0.12 0.75   
0 - 0.1 0.35 0.15 0.219 -0.08 0.78   
0 - 1 -0.04 0.15 1.000 -0.47 0.40  
90 0 - 0.001 0.18 0.16 1.000 -0.29 0.64   
0 - 0.01 0.38 0.16 0.204 -0.08 0.85   
0 - 0.1 0.23 0.16 1.000 -0.23 0.69   
0 - 1 0.04 0.16 1.000 -0.43 0.50  
100 0 - 0.001 0.12 0.14 1.000 -0.28 0.53   
0 - 0.01 0.18 0.14 1.000 -0.23 0.59   
0 - 0.1 0.15 0.14 1.000 -0.25 0.55   
0 - 1 -0.14 0.14 1.000 -0.55 0.27  
110 0 - 0.001 0.19 0.13 1.000 -0.19 0.58   
0 - 0.01 0.33 0.14 0.182 -0.06 0.72   
0 - 0.1 0.18 0.13 1.000 -0.21 0.56   
0 - 1 0.06 0.14 1.000 -0.33 0.45  
120 0 - 0.001 0.14 0.14 1.000 -0.28 0.55 
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0 - 0.01 0.15 0.15 1.000 -0.27 0.57   
0 - 0.1 0.00 0.14 1.000 -0.41 0.41   
0 - 1 0.00 0.15 1.000 -0.42 0.41  
130 0 - 0.001 0.25 0.38 1.000 -0.85 1.34   
0 - 0.01 -0.21 0.39 1.000 -1.32 0.90   
0 - 0.1 -0.77 0.38 0.456 -1.87 0.32   
0 - 1 -0.13 0.39 1.000 -1.24 0.98  
140 0 - 0.001 0.31 0.28 1.000 -0.50 1.12   
0 - 0.01 -0.11 0.28 1.000 -0.93 0.71   
0 - 0.1 -0.14 0.28 1.000 -0.95 0.66   
0 - 1 0.21 0.28 1.000 -0.61 1.02  
150 0 - 0.001 0.34 0.23 1.000 -0.32 1.00   
0 - 0.01 0.23 0.23 1.000 -0.44 0.90   
0 - 0.1 -0.09 0.23 1.000 -0.76 0.57   
0 - 1 0.27 0.23 1.000 -0.41 0.94  
160 0 - 0.001 0.05 0.23 1.000 -0.62 0.72   
0 - 0.01 -0.03 0.24 1.000 -0.71 0.65   
0 - 0.1 0.03 0.23 1.000 -0.65 0.70   
0 - 1 -0.01 0.24 1.000 -0.69 0.67  
170 0 - 0.001 -0.21 0.22 1.000 -0.83 0.42   
0 - 0.01 -0.28 0.22 1.000 -0.92 0.35   
0 - 0.1 -0.34 0.22 1.000 -0.97 0.28   
0 - 1 -0.24 0.22 1.000 -0.87 0.40  
180 0 - 0.001 -0.28 0.22 1.000 -0.90 0.34   
0 - 0.01 -0.23 0.22 1.000 -0.86 0.40   
0 - 0.1 -0.31 0.22 1.000 -0.93 0.31   
0 - 1 -0.16 0.22 1.000 -0.78 0.47  
190 0 - 0.001 0.21 0.20 1.000 -0.38 0.79   
0 - 0.01 0.19 0.21 1.000 -0.40 0.79   
0 - 0.1 0.29 0.20 1.000 -0.30 0.87   
0 - 1 0.27 0.21 1.000 -0.33 0.86  
200 0 - 0.001 0.41 0.24 0.967 -0.29 1.10   
0 - 0.01 0.05 0.25 1.000 -0.65 0.76   
0 - 0.1 0.10 0.24 1.000 -0.59 0.80   
0 - 1 0.42 0.25 0.921 -0.29 1.12  
210 0 - 0.001 0.31 0.24 1.000 -0.39 1.01   
0 - 0.01 0.22 0.25 1.000 -0.49 0.93   
0 - 0.1 0.05 0.24 1.000 -0.65 0.75   
0 - 1 0.40 0.25 1.000 -0.31 1.11  
220 0 - 0.001 0.13 0.23 1.000 -0.52 0.78   
0 - 0.01 0.27 0.23 1.000 -0.38 0.93   
0 - 0.1 -0.21 0.23 1.000 -0.86 0.44   
0 - 1 0.23 0.23 1.000 -0.43 0.89  
230 0 - 0.001 0.33 0.22 1.000 -0.29 0.95   
0 - 0.01 0.48 0.22 0.309 -0.15 1.10   
0 - 0.1 -0.10 0.22 1.000 -0.72 0.52   
0 - 1 0.15 0.22 1.000 -0.48 0.78  
240 0 - 0.001 0.19 0.22 1.000 -0.43 0.81   
0 - 0.01 0.21 0.22 1.000 -0.41 0.84   
0 - 0.1 -0.15 0.22 1.000 -0.76 0.47   
0 - 1 0.13 0.22 1.000 -0.50 0.76  
250 0 - 0.001 -0.11 0.10 1.000 -0.39 0.16   
0 - 0.01 -0.08 0.10 1.000 -0.36 0.20   
0 - 0.1 -0.18 0.10 0.578 -0.46 0.09   
0 - 1 -0.03 0.10 1.000 -0.31 0.25  
260 0 - 0.001 -0.06 0.12 1.000 -0.40 0.29   
0 - 0.01 -0.04 0.12 1.000 -0.39 0.31   
0 - 0.1 -0.13 0.12 1.000 -0.48 0.21   
0 - 1 -0.02 0.12 1.000 -0.37 0.33  
270 0 - 0.001 0.07 0.16 1.000 -0.38 0.52   
0 - 0.01 0.09 0.16 1.000 -0.37 0.54   
0 - 0.1 0.08 0.16 1.000 -0.37 0.53 
334 
 
  
0 - 1 0.11 0.16 1.000 -0.34 0.57  
280 0 - 0.001 -0.02 0.13 1.000 -0.40 0.36   
0 - 0.01 0.16 0.13 1.000 -0.22 0.54   
0 - 0.1 0.08 0.13 1.000 -0.29 0.46   
0 - 1 0.04 0.13 1.000 -0.34 0.42  
290 0 - 0.001 0.21 0.16 1.000 -0.26 0.68   
0 - 0.01 0.21 0.16 1.000 -0.27 0.68   
0 - 0.1 0.16 0.16 1.000 -0.31 0.63   
0 - 1 0.17 0.16 1.000 -0.30 0.64  
300 0 - 0.001 0.19 0.13 1.000 -0.20 0.57   
0 - 0.01 0.36 0.14 0.084 -0.02 0.75   
0 - 0.1 0.25 0.13 0.659 -0.14 0.63   
0 - 1 0.22 0.14 1.000 -0.17 0.61  
310 0 - 0.001 0.29 0.13 0.238 -0.07 0.66   
0 - 0.01 0.41 0.13 0.022 0.03 0.78   
0 - 0.1 0.30 0.13 0.199 -0.06 0.67   
0 - 1 0.23 0.13 0.790 -0.14 0.60  
320 0 - 0.001 0.22 0.15 1.000 -0.20 0.64   
0 - 0.01 0.38 0.15 0.120 -0.05 0.80   
0 - 0.1 0.19 0.15 1.000 -0.23 0.61   
0 - 1 0.14 0.15 1.000 -0.29 0.56  
330 0 - 0.001 0.20 0.16 1.000 -0.26 0.66   
0 - 0.01 0.23 0.16 1.000 -0.23 0.70   
0 - 0.1 0.23 0.16 1.000 -0.24 0.69   
0 - 1 0.20 0.16 1.000 -0.27 0.67  
340 0 - 0.001 0.11 0.16 1.000 -0.36 0.57   
0 - 0.01 0.15 0.16 1.000 -0.32 0.62   
0 - 0.1 0.18 0.16 1.000 -0.28 0.65   
0 - 1 0.06 0.16 1.000 -0.41 0.54  
350 0 - 0.001 0.24 0.18 1.000 -0.29 0.77   
0 - 0.01 0.17 0.19 1.000 -0.37 0.70   
0 - 0.1 0.25 0.18 1.000 -0.28 0.78   
0 - 1 0.12 0.19 1.000 -0.42 0.66  
360 0 - 0.001 0.03 0.15 1.000 -0.39 0.46   
0 - 0.01 0.17 0.15 1.000 -0.27 0.60   
0 - 0.1 0.17 0.15 1.000 -0.26 0.60   
0 - 1 0.06 0.15 1.000 -0.38 0.49  
370 0 - 0.001 0.13 0.28 1.000 -0.67 0.93   
0 - 0.01 0.38 0.28 1.000 -0.43 1.18   
0 - 0.1 -0.11 0.28 1.000 -0.91 0.69   
0 - 1 0.28 0.28 1.000 -0.52 1.09  
380 0 - 0.001 0.09 0.27 1.000 -0.69 0.88   
0 - 0.01 0.17 0.28 1.000 -0.63 0.96   
0 - 0.1 -0.18 0.27 1.000 -0.96 0.61   
0 - 1 0.20 0.28 1.000 -0.59 1.00  
390 0 - 0.001 -0.22 0.23 1.000 -0.87 0.44   
0 - 0.01 -0.19 0.23 1.000 -0.85 0.47   
0 - 0.1 -0.32 0.23 1.000 -0.97 0.33   
0 - 1 0.04 0.23 1.000 -0.62 0.70  
400 0 - 0.001 -0.05 0.25 1.000 -0.77 0.67   
0 - 0.01 -0.11 0.25 1.000 -0.84 0.62   
0 - 0.1 -0.21 0.25 1.000 -0.93 0.51   
0 - 1 -0.05 0.25 1.000 -0.78 0.68  
410 0 - 0.001 -0.04 0.23 1.000 -0.71 0.62   
0 - 0.01 0.01 0.23 1.000 -0.66 0.69   
0 - 0.1 -0.37 0.23 1.000 -1.04 0.29   
0 - 1 -0.04 0.23 1.000 -0.71 0.63  
420 0 - 0.001 -0.09 0.21 1.000 -0.68 0.51   
0 - 0.01 -0.13 0.21 1.000 -0.74 0.47   
0 - 0.1 -0.37 0.21 0.806 -0.96 0.23   
0 - 1 -0.09 0.21 1.000 -0.70 0.51  
430 0 - 0.001 0.00 0.22 1.000 -0.62 0.62 
335 
 
  
0 - 0.01 0.11 0.22 1.000 -0.52 0.74   
0 - 0.1 -0.06 0.22 1.000 -0.68 0.56   
0 - 1 0.23 0.22 1.000 -0.40 0.86  
440 0 - 0.001 -0.17 0.21 1.000 -0.77 0.44   
0 - 0.01 0.02 0.21 1.000 -0.60 0.63   
0 - 0.1 -0.19 0.21 1.000 -0.80 0.42   
0 - 1 -0.05 0.21 1.000 -0.67 0.56  
450 0 - 0.001 -0.06 0.22 1.000 -0.69 0.56   
0 - 0.01 -0.18 0.22 1.000 -0.82 0.45   
0 - 0.1 -0.47 0.22 0.335 -1.10 0.16   
0 - 1 -0.11 0.22 1.000 -0.74 0.53  
460 0 - 0.001 -0.04 0.24 1.000 -0.73 0.66   
0 - 0.01 0.14 0.25 1.000 -0.57 0.84   
0 - 0.1 -0.28 0.24 1.000 -0.98 0.41   
0 - 1 0.19 0.25 1.000 -0.51 0.90  
470 0 - 0.001 0.01 0.21 1.000 -0.59 0.62   
0 - 0.01 0.05 0.21 1.000 -0.56 0.67   
0 - 0.1 -0.20 0.21 1.000 -0.80 0.41   
0 - 1 -0.01 0.21 1.000 -0.62 0.60  
480 0 - 0.001 0.04 0.24 1.000 -0.65 0.72   
0 - 0.01 0.12 0.24 1.000 -0.58 0.81   
0 - 0.1 -0.18 0.24 1.000 -0.87 0.50   
0 - 1 0.04 0.24 1.000 -0.65 0.74 
1 week 10 0 - 0.001 -0.19 0.15 1.000 -0.62 0.23   
0 - 0.01 -0.17 0.15 1.000 -0.60 0.27   
0 - 0.1 -0.13 0.15 1.000 -0.56 0.29   
0 - 1 -0.25 0.15 0.929 -0.68 0.18  
20 0 - 0.001 -0.22 0.15 1.000 -0.67 0.22   
0 - 0.01 -0.06 0.16 1.000 -0.51 0.40   
0 - 0.1 0.02 0.15 1.000 -0.42 0.47   
0 - 1 -0.40 0.16 0.128 -0.85 0.05  
30 0 - 0.001 -0.21 0.18 1.000 -0.73 0.30   
0 - 0.01 -0.10 0.18 1.000 -0.63 0.42   
0 - 0.1 0.05 0.18 1.000 -0.47 0.56   
0 - 1 -0.40 0.18 0.316 -0.92 0.13  
40 0 - 0.001 -0.12 0.17 1.000 -0.60 0.35   
0 - 0.01 0.03 0.17 1.000 -0.46 0.52   
0 - 0.1 0.13 0.17 1.000 -0.35 0.60   
0 - 1 -0.22 0.17 1.000 -0.70 0.26  
50 0 - 0.001 -0.15 0.18 1.000 -0.68 0.38   
0 - 0.01 0.01 0.19 1.000 -0.53 0.56   
0 - 0.1 0.10 0.18 1.000 -0.43 0.63   
0 - 1 -0.30 0.19 1.000 -0.84 0.23  
60 0 - 0.001 -0.19 0.17 1.000 -0.67 0.29   
0 - 0.01 0.06 0.17 1.000 -0.42 0.55   
0 - 0.1 0.08 0.17 1.000 -0.40 0.55   
0 - 1 -0.25 0.17 1.000 -0.74 0.23  
70 0 - 0.001 -0.19 0.15 1.000 -0.62 0.25   
0 - 0.01 0.13 0.16 1.000 -0.32 0.57   
0 - 0.1 0.05 0.15 1.000 -0.39 0.48   
0 - 1 -0.23 0.15 1.000 -0.67 0.21  
80 0 - 0.001 -0.08 0.15 1.000 -0.52 0.37   
0 - 0.01 0.08 0.16 1.000 -0.37 0.54   
0 - 0.1 0.01 0.15 1.000 -0.43 0.45   
0 - 1 -0.22 0.16 1.000 -0.66 0.23  
90 0 - 0.001 -0.11 0.13 1.000 -0.50 0.27   
0 - 0.01 -0.03 0.14 1.000 -0.43 0.36   
0 - 0.1 -0.03 0.13 1.000 -0.42 0.35   
0 - 1 -0.24 0.14 0.828 -0.63 0.15  
100 0 - 0.001 -0.13 0.16 1.000 -0.58 0.32   
0 - 0.01 0.06 0.16 1.000 -0.40 0.53   
0 - 0.1 -0.03 0.16 1.000 -0.48 0.42 
336 
 
  
0 - 1 -0.21 0.16 1.000 -0.67 0.25  
110 0 - 0.001 -0.20 0.16 1.000 -0.67 0.26   
0 - 0.01 0.08 0.17 1.000 -0.40 0.56   
0 - 0.1 0.12 0.16 1.000 -0.35 0.59   
0 - 1 -0.05 0.16 1.000 -0.53 0.42  
120 0 - 0.001 -0.11 0.13 1.000 -0.47 0.25   
0 - 0.01 0.16 0.13 1.000 -0.21 0.52   
0 - 0.1 0.13 0.13 1.000 -0.23 0.49   
0 - 1 -0.05 0.13 1.000 -0.42 0.31  
130 0 - 0.001 0.90 0.40 0.249 -0.24 2.04   
0 - 0.01 0.31 0.41 1.000 -0.86 1.48   
0 - 0.1 0.23 0.40 1.000 -0.91 1.37   
0 - 1 0.65 0.40 1.000 -0.51 1.80  
140 0 - 0.001 0.50 0.33 1.000 -0.45 1.44   
0 - 0.01 0.20 0.34 1.000 -0.77 1.17   
0 - 0.1 -0.08 0.33 1.000 -1.03 0.86   
0 - 1 0.46 0.33 1.000 -0.50 1.42  
150 0 - 0.001 0.34 0.28 1.000 -0.45 1.14   
0 - 0.01 0.37 0.28 1.000 -0.45 1.18   
0 - 0.1 -0.04 0.28 1.000 -0.83 0.76   
0 - 1 0.32 0.28 1.000 -0.49 1.12  
160 0 - 0.001 0.37 0.25 1.000 -0.35 1.10   
0 - 0.01 0.32 0.26 1.000 -0.42 1.07   
0 - 0.1 0.02 0.25 1.000 -0.71 0.74   
0 - 1 0.42 0.26 1.000 -0.31 1.16  
170 0 - 0.001 0.26 0.23 1.000 -0.41 0.94   
0 - 0.01 0.00 0.24 1.000 -0.69 0.69   
0 - 0.1 -0.04 0.23 1.000 -0.71 0.63   
0 - 1 -0.03 0.24 1.000 -0.71 0.65  
180 0 - 0.001 0.21 0.23 1.000 -0.46 0.88   
0 - 0.01 0.14 0.24 1.000 -0.55 0.83   
0 - 0.1 -0.15 0.23 1.000 -0.82 0.51   
0 - 1 0.09 0.24 1.000 -0.59 0.76  
190 0 - 0.001 -0.02 0.24 1.000 -0.70 0.67   
0 - 0.01 0.38 0.24 1.000 -0.33 1.08   
0 - 0.1 0.07 0.24 1.000 -0.62 0.75   
0 - 1 0.20 0.24 1.000 -0.49 0.90  
200 0 - 0.001 -0.05 0.21 1.000 -0.66 0.56   
0 - 0.01 0.09 0.22 1.000 -0.53 0.72   
0 - 0.1 -0.35 0.21 1.000 -0.95 0.26   
0 - 1 0.04 0.21 1.000 -0.57 0.65  
210 0 - 0.001 0.12 0.21 1.000 -0.49 0.73   
0 - 0.01 0.30 0.22 1.000 -0.32 0.93   
0 - 0.1 -0.20 0.21 1.000 -0.81 0.40   
0 - 1 0.44 0.21 0.449 -0.18 1.05  
220 0 - 0.001 0.27 0.22 1.000 -0.36 0.90   
0 - 0.01 0.19 0.23 1.000 -0.46 0.84   
0 - 0.1 -0.12 0.22 1.000 -0.75 0.51   
0 - 1 0.43 0.22 0.597 -0.22 1.07  
230 0 - 0.001 0.08 0.22 1.000 -0.55 0.71   
0 - 0.01 0.39 0.22 0.887 -0.26 1.03   
0 - 0.1 0.03 0.22 1.000 -0.60 0.65   
0 - 1 0.51 0.22 0.242 -0.13 1.14  
240 0 - 0.001 0.31 0.22 1.000 -0.32 0.93   
0 - 0.01 0.31 0.22 1.000 -0.33 0.95   
0 - 0.1 0.18 0.22 1.000 -0.45 0.80   
0 - 1 0.42 0.22 0.588 -0.21 1.05  
250 0 - 0.001 -0.04 0.08 1.000 -0.26 0.18   
0 - 0.01 0.02 0.08 1.000 -0.21 0.24   
0 - 0.1 -0.08 0.08 1.000 -0.30 0.13   
0 - 1 0.05 0.08 1.000 -0.17 0.27  
260 0 - 0.001 -0.07 0.08 1.000 -0.29 0.15 
337 
 
  
0 - 0.01 0.01 0.08 1.000 -0.22 0.23   
0 - 0.1 -0.06 0.08 1.000 -0.28 0.16   
0 - 1 -0.07 0.08 1.000 -0.29 0.15  
270 0 - 0.001 -0.17 0.10 0.882 -0.46 0.12   
0 - 0.01 -0.06 0.10 1.000 -0.36 0.23   
0 - 0.1 -0.12 0.10 1.000 -0.41 0.17   
0 - 1 -0.09 0.10 1.000 -0.38 0.20  
280 0 - 0.001 -0.08 0.11 1.000 -0.39 0.23   
0 - 0.01 -0.01 0.11 1.000 -0.33 0.31   
0 - 0.1 0.06 0.11 1.000 -0.24 0.37   
0 - 1 -0.06 0.11 1.000 -0.37 0.25  
290 0 - 0.001 0.07 0.14 1.000 -0.34 0.47   
0 - 0.01 0.09 0.14 1.000 -0.32 0.51   
0 - 0.1 0.16 0.14 1.000 -0.24 0.57   
0 - 1 -0.10 0.14 1.000 -0.51 0.31  
300 0 - 0.001 0.02 0.14 1.000 -0.39 0.44   
0 - 0.01 0.23 0.15 1.000 -0.20 0.66   
0 - 0.1 0.19 0.14 1.000 -0.23 0.61   
0 - 1 -0.18 0.15 1.000 -0.60 0.24  
310 0 - 0.001 0.04 0.16 1.000 -0.42 0.49   
0 - 0.01 0.22 0.16 1.000 -0.25 0.68   
0 - 0.1 0.25 0.16 1.000 -0.20 0.71   
0 - 1 -0.14 0.16 1.000 -0.60 0.32  
320 0 - 0.001 -0.13 0.17 1.000 -0.63 0.37   
0 - 0.01 0.11 0.18 1.000 -0.40 0.62   
0 - 0.1 0.13 0.17 1.000 -0.37 0.63   
0 - 1 -0.20 0.18 1.000 -0.70 0.30  
330 0 - 0.001 -0.14 0.17 1.000 -0.63 0.35   
0 - 0.01 0.02 0.18 1.000 -0.48 0.52   
0 - 0.1 0.15 0.17 1.000 -0.34 0.64   
0 - 1 -0.04 0.17 1.000 -0.54 0.46  
340 0 - 0.001 -0.22 0.16 1.000 -0.68 0.24   
0 - 0.01 0.05 0.16 1.000 -0.43 0.52   
0 - 0.1 -0.02 0.16 1.000 -0.48 0.44   
0 - 1 0.02 0.16 1.000 -0.44 0.49  
350 0 - 0.001 -0.16 0.16 1.000 -0.61 0.28   
0 - 0.01 0.18 0.16 1.000 -0.28 0.64   
0 - 0.1 0.20 0.16 1.000 -0.25 0.64   
0 - 1 -0.08 0.16 1.000 -0.53 0.38  
360 0 - 0.001 -0.27 0.15 0.752 -0.71 0.16   
0 - 0.01 0.17 0.16 1.000 -0.27 0.62   
0 - 0.1 0.12 0.15 1.000 -0.31 0.56   
0 - 1 0.01 0.15 1.000 -0.43 0.46  
370 0 - 0.001 0.36 0.33 1.000 -0.57 1.30   
0 - 0.01 0.54 0.33 1.000 -0.42 1.50   
0 - 0.1 0.22 0.33 1.000 -0.72 1.15   
0 - 1 0.60 0.33 0.736 -0.35 1.54  
380 0 - 0.001 0.23 0.30 1.000 -0.65 1.11   
0 - 0.01 0.34 0.31 1.000 -0.56 1.24   
0 - 0.1 -0.01 0.30 1.000 -0.89 0.87   
0 - 1 0.57 0.31 0.681 -0.32 1.46  
390 0 - 0.001 0.01 0.28 1.000 -0.80 0.82   
0 - 0.01 0.37 0.29 1.000 -0.47 1.20   
0 - 0.1 -0.08 0.28 1.000 -0.89 0.74   
0 - 1 0.37 0.29 1.000 -0.45 1.19  
400 0 - 0.001 -0.04 0.25 1.000 -0.78 0.69   
0 - 0.01 0.23 0.26 1.000 -0.52 0.98   
0 - 0.1 0.01 0.25 1.000 -0.72 0.74   
0 - 1 0.28 0.26 1.000 -0.46 1.03  
410 0 - 0.001 0.15 0.27 1.000 -0.63 0.92   
0 - 0.01 0.28 0.28 1.000 -0.52 1.07   
0 - 0.1 -0.07 0.27 1.000 -0.84 0.71 
338 
 
  
0 - 1 0.35 0.27 1.000 -0.44 1.13  
420 0 - 0.001 0.29 0.22 1.000 -0.35 0.93   
0 - 0.01 0.45 0.23 0.514 -0.21 1.11   
0 - 0.1 -0.04 0.22 1.000 -0.68 0.61   
0 - 1 0.58 0.23 0.124 -0.07 1.23  
430 0 - 0.001 0.13 0.24 1.000 -0.56 0.83   
0 - 0.01 0.32 0.25 1.000 -0.39 1.03   
0 - 0.1 0.13 0.24 1.000 -0.56 0.82   
0 - 1 0.39 0.24 1.000 -0.31 1.09  
440 0 - 0.001 0.28 0.24 1.000 -0.40 0.97   
0 - 0.01 0.52 0.24 0.350 -0.18 1.22   
0 - 0.1 0.32 0.24 1.000 -0.36 1.00   
0 - 1 0.76 0.24 0.020 0.07 1.46  
450 0 - 0.001 0.13 0.23 1.000 -0.52 0.78   
0 - 0.01 0.23 0.23 1.000 -0.44 0.90   
0 - 0.1 0.04 0.23 1.000 -0.62 0.69   
0 - 1 0.52 0.23 0.252 -0.14 1.18  
460 0 - 0.001 -0.05 0.25 1.000 -0.76 0.65   
0 - 0.01 0.26 0.25 1.000 -0.47 0.99   
0 - 0.1 -0.29 0.25 1.000 -1.00 0.42   
0 - 1 0.17 0.25 1.000 -0.54 0.89  
470 0 - 0.001 0.30 0.25 1.000 -0.42 1.02   
0 - 0.01 0.56 0.26 0.336 -0.19 1.30   
0 - 0.1 0.26 0.25 1.000 -0.46 0.98   
0 - 1 0.55 0.25 0.329 -0.18 1.28  
480 0 - 0.001 0.33 0.25 1.000 -0.40 1.05   
0 - 0.01 0.38 0.26 1.000 -0.37 1.13   
0 - 0.1 0.20 0.25 1.000 -0.52 0.93   
0 - 1 0.41 0.26 1.000 -0.33 1.14 
2 week 10 0 - 0.001 -0.35 0.19 0.729 -0.91 0.21   
0 - 0.01 -0.05 0.20 1.000 -0.62 0.52   
0 - 0.1 -0.22 0.19 1.000 -0.77 0.34   
0 - 1 -0.28 0.20 1.000 -0.85 0.30  
20 0 - 0.001 -0.18 0.20 1.000 -0.75 0.39   
0 - 0.01 0.04 0.20 1.000 -0.54 0.63   
0 - 0.1 0.05 0.20 1.000 -0.52 0.62   
0 - 1 -0.16 0.20 1.000 -0.75 0.43  
30 0 - 0.001 -0.07 0.20 1.000 -0.64 0.51   
0 - 0.01 0.04 0.20 1.000 -0.54 0.63   
0 - 0.1 0.12 0.20 1.000 -0.45 0.69   
0 - 1 -0.16 0.20 1.000 -0.75 0.43  
40 0 - 0.001 0.04 0.21 1.000 -0.56 0.64   
0 - 0.01 0.05 0.21 1.000 -0.56 0.67   
0 - 0.1 0.31 0.21 1.000 -0.29 0.91   
0 - 1 -0.07 0.21 1.000 -0.68 0.55  
50 0 - 0.001 -0.05 0.18 1.000 -0.58 0.47   
0 - 0.01 -0.10 0.19 1.000 -0.64 0.44   
0 - 0.1 0.09 0.18 1.000 -0.43 0.62   
0 - 1 -0.27 0.19 1.000 -0.81 0.27  
60 0 - 0.001 -0.03 0.20 1.000 -0.60 0.53   
0 - 0.01 0.03 0.20 1.000 -0.55 0.61   
0 - 0.1 0.11 0.20 1.000 -0.45 0.68   
0 - 1 -0.20 0.20 1.000 -0.78 0.38  
70 0 - 0.001 -0.07 0.19 1.000 -0.60 0.47   
0 - 0.01 -0.07 0.19 1.000 -0.62 0.48   
0 - 0.1 -0.06 0.19 1.000 -0.60 0.47   
0 - 1 -0.29 0.19 1.000 -0.84 0.26  
80 0 - 0.001 -0.07 0.19 1.000 -0.61 0.48   
0 - 0.01 -0.10 0.19 1.000 -0.66 0.46   
0 - 0.1 -0.17 0.19 1.000 -0.71 0.38   
0 - 1 -0.34 0.19 0.821 -0.90 0.22  
90 0 - 0.001 -0.03 0.20 1.000 -0.60 0.55 
339 
 
  
0 - 0.01 0.00 0.21 1.000 -0.59 0.59   
0 - 0.1 0.02 0.20 1.000 -0.56 0.59   
0 - 1 -0.20 0.21 1.000 -0.79 0.40  
100 0 - 0.001 0.15 0.20 1.000 -0.43 0.72   
0 - 0.01 0.19 0.21 1.000 -0.40 0.78   
0 - 0.1 0.08 0.20 1.000 -0.50 0.65   
0 - 1 0.03 0.21 1.000 -0.56 0.63  
110 0 - 0.001 0.06 0.18 1.000 -0.47 0.58   
0 - 0.01 0.24 0.19 1.000 -0.30 0.78   
0 - 0.1 0.06 0.18 1.000 -0.46 0.59   
0 - 1 0.12 0.19 1.000 -0.42 0.66  
120 0 - 0.001 -0.09 0.19 1.000 -0.64 0.46   
0 - 0.01 0.05 0.20 1.000 -0.51 0.62   
0 - 0.1 0.05 0.19 1.000 -0.51 0.60   
0 - 1 -0.08 0.20 1.000 -0.64 0.49  
130 0 - 0.001 0.62 0.40 1.000 -0.54 1.78   
0 - 0.01 -0.12 0.41 1.000 -1.31 1.07   
0 - 0.1 -0.67 0.40 1.000 -1.83 0.49   
0 - 1 0.22 0.41 1.000 -0.97 1.41  
140 0 - 0.001 0.68 0.35 0.538 -0.32 1.69   
0 - 0.01 0.11 0.36 1.000 -0.92 1.14   
0 - 0.1 0.15 0.35 1.000 -0.85 1.16   
0 - 1 0.42 0.36 1.000 -0.61 1.46  
150 0 - 0.001 0.70 0.30 0.235 -0.17 1.57   
0 - 0.01 -0.08 0.31 1.000 -0.97 0.82   
0 - 0.1 0.15 0.30 1.000 -0.72 1.02   
0 - 1 0.51 0.31 1.000 -0.38 1.41  
160 0 - 0.001 0.40 0.24 1.000 -0.30 1.09   
0 - 0.01 0.15 0.25 1.000 -0.57 0.86   
0 - 0.1 0.05 0.24 1.000 -0.65 0.74   
0 - 1 0.27 0.25 1.000 -0.44 0.99  
170 0 - 0.001 0.26 0.26 1.000 -0.49 1.02   
0 - 0.01 -0.13 0.27 1.000 -0.91 0.64   
0 - 0.1 0.00 0.26 1.000 -0.76 0.76   
0 - 1 0.35 0.27 1.000 -0.43 1.13  
180 0 - 0.001 0.25 0.23 1.000 -0.42 0.92   
0 - 0.01 0.20 0.24 1.000 -0.49 0.90   
0 - 0.1 0.07 0.23 1.000 -0.60 0.75   
0 - 1 0.49 0.24 0.443 -0.20 1.18  
190 0 - 0.001 0.07 0.20 1.000 -0.51 0.65   
0 - 0.01 0.14 0.21 1.000 -0.45 0.74   
0 - 0.1 -0.05 0.20 1.000 -0.63 0.53   
0 - 1 0.17 0.21 1.000 -0.42 0.77  
200 0 - 0.001 0.16 0.20 1.000 -0.42 0.74   
0 - 0.01 0.24 0.21 1.000 -0.35 0.84   
0 - 0.1 -0.02 0.20 1.000 -0.60 0.56   
0 - 1 0.45 0.21 0.334 -0.15 1.04  
210 0 - 0.001 0.36 0.23 1.000 -0.31 1.04   
0 - 0.01 0.52 0.24 0.321 -0.17 1.22   
0 - 0.1 0.07 0.23 1.000 -0.61 0.74   
0 - 1 0.29 0.24 1.000 -0.40 0.99  
220 0 - 0.001 -0.01 0.21 1.000 -0.63 0.60   
0 - 0.01 -0.02 0.22 1.000 -0.65 0.61   
0 - 0.1 -0.26 0.21 1.000 -0.87 0.36   
0 - 1 0.14 0.22 1.000 -0.49 0.77  
230 0 - 0.001 -0.01 0.22 1.000 -0.63 0.62   
0 - 0.01 0.01 0.22 1.000 -0.64 0.65   
0 - 0.1 -0.11 0.22 1.000 -0.74 0.51   
0 - 1 0.00 0.22 1.000 -0.64 0.65  
240 0 - 0.001 -0.08 0.21 1.000 -0.68 0.53   
0 - 0.01 0.11 0.22 1.000 -0.51 0.73   
0 - 0.1 -0.16 0.21 1.000 -0.77 0.44 
340 
 
  
0 - 1 0.33 0.22 1.000 -0.29 0.95  
250 0 - 0.001 0.02 0.09 1.000 -0.23 0.26   
0 - 0.01 0.08 0.09 1.000 -0.18 0.33   
0 - 0.1 0.09 0.09 1.000 -0.16 0.33   
0 - 1 0.10 0.09 1.000 -0.15 0.35  
260 0 - 0.001 -0.15 0.08 0.619 -0.37 0.08   
0 - 0.01 0.07 0.08 1.000 -0.16 0.30   
0 - 0.1 0.01 0.08 1.000 -0.22 0.23   
0 - 1 -0.07 0.08 1.000 -0.30 0.16  
270 0 - 0.001 -0.13 0.10 1.000 -0.41 0.15   
0 - 0.01 0.05 0.10 1.000 -0.24 0.34   
0 - 0.1 -0.04 0.10 1.000 -0.32 0.24   
0 - 1 -0.07 0.10 1.000 -0.36 0.22  
280 0 - 0.001 0.04 0.10 1.000 -0.25 0.34   
0 - 0.01 0.16 0.10 1.000 -0.14 0.46   
0 - 0.1 0.08 0.10 1.000 -0.21 0.38   
0 - 1 -0.06 0.10 1.000 -0.36 0.24  
290 0 - 0.001 -0.06 0.12 1.000 -0.41 0.28   
0 - 0.01 0.15 0.12 1.000 -0.21 0.50   
0 - 0.1 0.00 0.12 1.000 -0.35 0.34   
0 - 1 -0.04 0.12 1.000 -0.39 0.32  
300 0 - 0.001 0.00 0.11 1.000 -0.31 0.31   
0 - 0.01 0.05 0.11 1.000 -0.27 0.37   
0 - 0.1 0.00 0.11 1.000 -0.31 0.31   
0 - 1 0.03 0.11 1.000 -0.29 0.35  
310 0 - 0.001 -0.05 0.13 1.000 -0.42 0.31   
0 - 0.01 0.04 0.13 1.000 -0.34 0.41   
0 - 0.1 -0.05 0.13 1.000 -0.41 0.32   
0 - 1 -0.12 0.13 1.000 -0.49 0.25  
320 0 - 0.001 -0.17 0.15 1.000 -0.59 0.25   
0 - 0.01 -0.10 0.15 1.000 -0.54 0.33   
0 - 0.1 -0.08 0.15 1.000 -0.50 0.35   
0 - 1 -0.22 0.15 1.000 -0.65 0.21  
330 0 - 0.001 -0.04 0.16 1.000 -0.52 0.43   
0 - 0.01 0.08 0.17 1.000 -0.41 0.57   
0 - 0.1 -0.02 0.16 1.000 -0.50 0.45   
0 - 1 -0.03 0.17 1.000 -0.52 0.45  
340 0 - 0.001 -0.15 0.16 1.000 -0.61 0.32   
0 - 0.01 0.04 0.17 1.000 -0.44 0.52   
0 - 0.1 -0.10 0.16 1.000 -0.57 0.36   
0 - 1 -0.08 0.17 1.000 -0.56 0.40  
350 0 - 0.001 -0.20 0.15 1.000 -0.62 0.22   
0 - 0.01 -0.04 0.15 1.000 -0.47 0.39   
0 - 0.1 -0.14 0.15 1.000 -0.56 0.28   
0 - 1 -0.19 0.15 1.000 -0.62 0.24  
360 0 - 0.001 -0.03 0.15 1.000 -0.45 0.39   
0 - 0.01 0.05 0.15 1.000 -0.37 0.48   
0 - 0.1 -0.12 0.15 1.000 -0.54 0.30   
0 - 1 -0.08 0.15 1.000 -0.50 0.35  
370 0 - 0.001 0.33 0.34 1.000 -0.65 1.31   
0 - 0.01 -0.08 0.35 1.000 -1.08 0.93   
0 - 0.1 -0.20 0.34 1.000 -1.18 0.77   
0 - 1 0.40 0.35 1.000 -0.60 1.41  
380 0 - 0.001 0.18 0.32 1.000 -0.74 1.10   
0 - 0.01 -0.09 0.33 1.000 -1.03 0.86   
0 - 0.1 -0.08 0.32 1.000 -1.00 0.84   
0 - 1 0.48 0.33 1.000 -0.46 1.43  
390 0 - 0.001 0.03 0.28 1.000 -0.77 0.82   
0 - 0.01 -0.14 0.28 1.000 -0.96 0.68   
0 - 0.1 -0.02 0.28 1.000 -0.82 0.77   
0 - 1 0.19 0.28 1.000 -0.62 1.01  
400 0 - 0.001 0.47 0.23 0.485 -0.20 1.14 
341 
 
  
0 - 0.01 0.28 0.24 1.000 -0.41 0.97   
0 - 0.1 0.48 0.23 0.407 -0.19 1.16   
0 - 1 0.54 0.24 0.259 -0.15 1.23  
410 0 - 0.001 0.03 0.24 1.000 -0.67 0.73   
0 - 0.01 -0.28 0.25 1.000 -1.00 0.44   
0 - 0.1 -0.10 0.24 1.000 -0.80 0.60   
0 - 1 0.33 0.25 1.000 -0.39 1.05  
420 0 - 0.001 0.11 0.25 1.000 -0.61 0.82   
0 - 0.01 0.07 0.26 1.000 -0.67 0.81   
0 - 0.1 -0.29 0.25 1.000 -1.01 0.43   
0 - 1 0.26 0.26 1.000 -0.48 1.00  
430 0 - 0.001 0.18 0.26 1.000 -0.56 0.91   
0 - 0.01 0.23 0.26 1.000 -0.53 0.99   
0 - 0.1 -0.07 0.26 1.000 -0.81 0.67   
0 - 1 0.17 0.26 1.000 -0.59 0.93  
440 0 - 0.001 -0.18 0.26 1.000 -0.93 0.57   
0 - 0.01 -0.05 0.27 1.000 -0.83 0.72   
0 - 0.1 -0.27 0.26 1.000 -1.02 0.48   
0 - 1 -0.03 0.27 1.000 -0.80 0.74  
450 0 - 0.001 0.13 0.24 1.000 -0.56 0.82   
0 - 0.01 0.30 0.25 1.000 -0.41 1.01   
0 - 0.1 0.11 0.24 1.000 -0.58 0.80   
0 - 1 0.24 0.25 1.000 -0.47 0.95  
460 0 - 0.001 -0.11 0.22 1.000 -0.73 0.51   
0 - 0.01 0.14 0.22 1.000 -0.50 0.78   
0 - 0.1 -0.02 0.22 1.000 -0.64 0.60   
0 - 1 0.29 0.22 1.000 -0.35 0.92  
470 0 - 0.001 0.02 0.23 1.000 -0.64 0.68   
0 - 0.01 0.06 0.23 1.000 -0.61 0.74   
0 - 0.1 0.02 0.23 1.000 -0.64 0.68   
0 - 1 0.19 0.23 1.000 -0.48 0.87  
480 0 - 0.001 -0.20 0.22 1.000 -0.82 0.42   
0 - 0.01 -0.15 0.22 1.000 -0.78 0.49   
0 - 0.1 -0.35 0.22 1.000 -0.97 0.27   
0 - 1 -0.09 0.22 1.000 -0.72 0.55 
 
 
S-Table 13: Pairwise comparisons of 10 second velocity data for G. pulex R-fluoxetine 
exposure between treatments. Significance level p £ 0.05 
Exposure Time (s) Comparison Mean Difference Std. Error P-value 95% Confidence 
Lower Upper 
1 day  10 0 - 0.001 0.16 0.08 0.464 -0.07 0.39   
0 - 0.01 0.20 0.08 0.133 -0.03 0.43   
0 - 0.1 0.22 0.08 0.065 -0.01 0.45   
0 - 1 0.04 0.08 1.000 -0.19 0.27  
20 0 - 0.001 0.15 0.07 0.364 -0.05 0.36   
0 - 0.01 0.14 0.07 0.525 -0.07 0.35   
0 - 0.1 0.20 0.07 0.062 -0.01 0.41   
0 - 1 0.10 0.07 1.000 -0.10 0.31  
30 0 - 0.001 0.03 0.08 1.000 -0.19 0.24   
0 - 0.01 0.05 0.08 1.000 -0.16 0.27   
0 - 0.1 0.13 0.08 0.909 -0.09 0.35   
0 - 1 0.06 0.08 1.000 -0.16 0.28  
40 0 - 0.001 0.09 0.09 1.000 -0.17 0.35   
0 - 0.01 0.12 0.09 1.000 -0.14 0.38   
0 - 0.1 0.06 0.09 1.000 -0.20 0.32   
0 - 1 0.05 0.09 1.000 -0.21 0.31  
50 0 - 0.001 0.09 0.09 1.000 -0.18 0.36   
0 - 0.01 0.04 0.09 1.000 -0.22 0.31   
0 - 0.1 0.06 0.09 1.000 -0.20 0.33 
342 
 
  
0 - 1 0.02 0.09 1.000 -0.25 0.29  
60 0 - 0.001 0.10 0.08 1.000 -0.13 0.34   
0 - 0.01 0.12 0.08 1.000 -0.11 0.36   
0 - 0.1 0.12 0.08 1.000 -0.12 0.35   
0 - 1 0.04 0.08 1.000 -0.20 0.27  
70 0 - 0.001 0.08 0.07 1.000 -0.13 0.29   
0 - 0.01 0.15 0.07 0.480 -0.06 0.36   
0 - 0.1 0.13 0.07 0.874 -0.08 0.34   
0 - 1 0.05 0.07 1.000 -0.16 0.26  
80 0 - 0.001 0.04 0.09 1.000 -0.20 0.29   
0 - 0.01 0.14 0.09 1.000 -0.10 0.39   
0 - 0.1 0.13 0.09 1.000 -0.11 0.38   
0 - 1 0.06 0.09 1.000 -0.19 0.30  
90 0 - 0.001 0.07 0.11 1.000 -0.24 0.38   
0 - 0.01 0.11 0.11 1.000 -0.20 0.42   
0 - 0.1 0.04 0.11 1.000 -0.27 0.35   
0 - 1 0.00 0.11 1.000 -0.31 0.31  
100 0 - 0.001 0.06 0.10 1.000 -0.22 0.35   
0 - 0.01 0.15 0.10 1.000 -0.13 0.44   
0 - 0.1 0.07 0.10 1.000 -0.22 0.35   
0 - 1 0.02 0.10 1.000 -0.27 0.31  
110 0 - 0.001 0.03 0.09 1.000 -0.25 0.30   
0 - 0.01 0.16 0.09 0.918 -0.11 0.43   
0 - 0.1 0.02 0.09 1.000 -0.25 0.29   
0 - 1 -0.07 0.09 1.000 -0.34 0.20  
120 0 - 0.001 -0.07 0.11 1.000 -0.38 0.23   
0 - 0.01 0.07 0.11 1.000 -0.24 0.37   
0 - 0.1 0.08 0.11 1.000 -0.22 0.39   
0 - 1 -0.03 0.11 1.000 -0.34 0.28  
130 0 - 0.001 -0.30 0.47 1.000 -1.64 1.05   
0 - 0.01 0.08 0.47 1.000 -1.27 1.42   
0 - 0.1 -0.09 0.47 1.000 -1.43 1.26   
0 - 1 -0.32 0.47 1.000 -1.67 1.02  
140 0 - 0.001 -0.49 0.40 1.000 -1.64 0.65   
0 - 0.01 0.32 0.40 1.000 -0.83 1.47   
0 - 0.1 -0.35 0.40 1.000 -1.50 0.80   
0 - 1 -0.23 0.40 1.000 -1.38 0.91  
150 0 - 0.001 -0.10 0.29 1.000 -0.94 0.75   
0 - 0.01 0.48 0.29 1.000 -0.36 1.32   
0 - 0.1 -0.03 0.29 1.000 -0.88 0.81   
0 - 1 -0.29 0.29 1.000 -1.13 0.56  
160 0 - 0.001 -0.06 0.27 1.000 -0.84 0.72   
0 - 0.01 0.16 0.27 1.000 -0.62 0.94   
0 - 0.1 -0.12 0.27 1.000 -0.90 0.66   
0 - 1 -0.15 0.27 1.000 -0.93 0.63  
170 0 - 0.001 0.12 0.27 1.000 -0.64 0.88   
0 - 0.01 0.23 0.27 1.000 -0.53 0.99   
0 - 0.1 0.13 0.27 1.000 -0.63 0.89   
0 - 1 0.11 0.27 1.000 -0.65 0.87  
180 0 - 0.001 0.26 0.26 1.000 -0.48 1.00   
0 - 0.01 0.53 0.26 0.400 -0.20 1.27   
0 - 0.1 0.07 0.26 1.000 -0.67 0.81   
0 - 1 -0.10 0.26 1.000 -0.83 0.64  
190 0 - 0.001 0.05 0.25 1.000 -0.68 0.77   
0 - 0.01 0.20 0.25 1.000 -0.53 0.93   
0 - 0.1 -0.27 0.25 1.000 -1.00 0.46   
0 - 1 -0.14 0.25 1.000 -0.87 0.58  
200 0 - 0.001 0.07 0.26 1.000 -0.68 0.81   
0 - 0.01 0.28 0.26 1.000 -0.46 1.03   
0 - 0.1 -0.22 0.26 1.000 -0.97 0.53   
0 - 1 0.00 0.26 1.000 -0.74 0.75  
210 0 - 0.001 -0.01 0.23 1.000 -0.68 0.66 
343 
 
  
0 - 0.01 0.16 0.23 1.000 -0.50 0.83   
0 - 0.1 -0.25 0.23 1.000 -0.92 0.41   
0 - 1 0.05 0.23 1.000 -0.62 0.72  
220 0 - 0.001 -0.14 0.26 1.000 -0.87 0.60   
0 - 0.01 0.05 0.26 1.000 -0.69 0.78   
0 - 0.1 -0.34 0.26 1.000 -1.08 0.39   
0 - 1 -0.06 0.26 1.000 -0.80 0.67  
230 0 - 0.001 -0.32 0.26 1.000 -1.06 0.43   
0 - 0.01 -0.01 0.26 1.000 -0.75 0.73   
0 - 0.1 -0.19 0.26 1.000 -0.93 0.55   
0 - 1 -0.18 0.26 1.000 -0.92 0.57  
240 0 - 0.001 -0.05 0.24 1.000 -0.73 0.63   
0 - 0.01 0.16 0.24 1.000 -0.52 0.84   
0 - 0.1 0.11 0.24 1.000 -0.58 0.79   
0 - 1 -0.02 0.24 1.000 -0.70 0.66  
250 0 - 0.001 0.04 0.09 1.000 -0.21 0.30   
0 - 0.01 -0.05 0.09 1.000 -0.30 0.20   
0 - 0.1 -0.05 0.09 1.000 -0.30 0.20   
0 - 1 -0.11 0.09 1.000 -0.37 0.14  
260 0 - 0.001 0.03 0.07 1.000 -0.17 0.24   
0 - 0.01 0.06 0.07 1.000 -0.14 0.26   
0 - 0.1 0.00 0.07 1.000 -0.20 0.20   
0 - 1 0.01 0.07 1.000 -0.19 0.21  
270 0 - 0.001 0.05 0.08 1.000 -0.17 0.26   
0 - 0.01 0.13 0.08 0.821 -0.08 0.35   
0 - 0.1 0.05 0.08 1.000 -0.17 0.26   
0 - 1 -0.06 0.08 1.000 -0.27 0.16  
280 0 - 0.001 0.04 0.08 1.000 -0.21 0.28   
0 - 0.01 0.18 0.08 0.405 -0.07 0.42   
0 - 0.1 -0.04 0.08 1.000 -0.29 0.20   
0 - 1 -0.01 0.08 1.000 -0.25 0.23  
290 0 - 0.001 0.02 0.09 1.000 -0.25 0.29   
0 - 0.01 0.13 0.09 1.000 -0.14 0.40   
0 - 0.1 -0.04 0.09 1.000 -0.31 0.23   
0 - 1 0.01 0.09 1.000 -0.26 0.28  
300 0 - 0.001 0.15 0.08 0.813 -0.09 0.39   
0 - 0.01 0.20 0.08 0.239 -0.05 0.44   
0 - 0.1 0.12 0.08 1.000 -0.12 0.37   
0 - 1 0.09 0.08 1.000 -0.16 0.33  
310 0 - 0.001 0.13 0.09 1.000 -0.12 0.38   
0 - 0.01 0.18 0.09 0.439 -0.07 0.43   
0 - 0.1 0.04 0.09 1.000 -0.21 0.29   
0 - 1 0.05 0.09 1.000 -0.20 0.30  
320 0 - 0.001 0.01 0.08 1.000 -0.20 0.23   
0 - 0.01 0.05 0.08 1.000 -0.16 0.27   
0 - 0.1 0.02 0.08 1.000 -0.20 0.23   
0 - 1 -0.07 0.08 1.000 -0.28 0.15  
330 0 - 0.001 0.01 0.09 1.000 -0.26 0.28   
0 - 0.01 0.04 0.09 1.000 -0.23 0.31   
0 - 0.1 -0.12 0.09 1.000 -0.39 0.15   
0 - 1 -0.08 0.09 1.000 -0.35 0.19  
340 0 - 0.001 0.03 0.08 1.000 -0.21 0.27   
0 - 0.01 0.06 0.08 1.000 -0.18 0.30   
0 - 0.1 -0.02 0.08 1.000 -0.26 0.22   
0 - 1 -0.10 0.08 1.000 -0.34 0.14  
350 0 - 0.001 -0.01 0.09 1.000 -0.27 0.24   
0 - 0.01 0.05 0.09 1.000 -0.21 0.30   
0 - 0.1 0.03 0.09 1.000 -0.23 0.28   
0 - 1 -0.05 0.09 1.000 -0.30 0.20  
360 0 - 0.001 0.01 0.10 1.000 -0.28 0.31   
0 - 0.01 0.12 0.10 1.000 -0.17 0.42   
0 - 0.1 0.07 0.10 1.000 -0.22 0.37 
344 
 
  
0 - 1 -0.01 0.10 1.000 -0.31 0.28  
370 0 - 0.001 -0.42 0.43 1.000 -1.65 0.81   
0 - 0.01 0.07 0.43 1.000 -1.15 1.30   
0 - 0.1 -0.11 0.43 1.000 -1.34 1.12   
0 - 1 -0.08 0.43 1.000 -1.31 1.14  
380 0 - 0.001 -0.19 0.34 1.000 -1.16 0.78   
0 - 0.01 0.35 0.34 1.000 -0.61 1.32   
0 - 0.1 0.34 0.34 1.000 -0.62 1.31   
0 - 1 0.17 0.34 1.000 -0.80 1.14  
390 0 - 0.001 0.09 0.31 1.000 -0.80 0.98   
0 - 0.01 0.52 0.31 0.968 -0.37 1.41   
0 - 0.1 0.03 0.31 1.000 -0.86 0.92   
0 - 1 0.10 0.31 1.000 -0.79 0.99  
400 0 - 0.001 0.15 0.28 1.000 -0.64 0.94   
0 - 0.01 0.37 0.28 1.000 -0.43 1.16   
0 - 0.1 -0.17 0.28 1.000 -0.96 0.62   
0 - 1 -0.06 0.28 1.000 -0.86 0.73  
410 0 - 0.001 0.05 0.23 1.000 -0.62 0.72   
0 - 0.01 0.32 0.23 1.000 -0.34 0.99   
0 - 0.1 -0.19 0.23 1.000 -0.85 0.48   
0 - 1 -0.23 0.23 1.000 -0.89 0.44  
420 0 - 0.001 0.20 0.27 1.000 -0.56 0.97   
0 - 0.01 0.51 0.27 0.575 -0.25 1.28   
0 - 0.1 0.13 0.27 1.000 -0.63 0.90   
0 - 1 -0.02 0.27 1.000 -0.79 0.74  
430 0 - 0.001 0.08 0.25 1.000 -0.62 0.79   
0 - 0.01 0.42 0.25 0.878 -0.28 1.13   
0 - 0.1 -0.23 0.25 1.000 -0.94 0.47   
0 - 1 0.11 0.25 1.000 -0.59 0.82  
440 0 - 0.001 0.02 0.22 1.000 -0.61 0.66   
0 - 0.01 0.31 0.22 1.000 -0.33 0.95   
0 - 0.1 -0.23 0.22 1.000 -0.87 0.40   
0 - 1 0.04 0.22 1.000 -0.60 0.68  
450 0 - 0.001 -0.36 0.21 0.958 -0.97 0.25   
0 - 0.01 -0.20 0.21 1.000 -0.81 0.41   
0 - 0.1 -0.41 0.21 0.565 -1.02 0.20   
0 - 1 -0.39 0.21 0.730 -1.00 0.23  
460 0 - 0.001 -0.23 0.22 1.000 -0.85 0.40   
0 - 0.01 0.02 0.22 1.000 -0.60 0.65   
0 - 0.1 -0.42 0.22 0.546 -1.05 0.20   
0 - 1 -0.20 0.22 1.000 -0.83 0.43  
470 0 - 0.001 -0.20 0.19 1.000 -0.75 0.35   
0 - 0.01 -0.11 0.19 1.000 -0.66 0.43   
0 - 0.1 -0.33 0.19 0.841 -0.88 0.22   
0 - 1 -0.56 0.19 0.043 -1.11 -0.01  
480 0 - 0.001 -0.09 0.22 1.000 -0.74 0.55   
0 - 0.01 0.19 0.22 1.000 -0.45 0.83   
0 - 0.1 -0.20 0.22 1.000 -0.84 0.44   
0 - 1 0.08 0.22 1.000 -0.56 0.72 
1 week  10 0 - 0.001 0.05 0.12 1.000 -0.28 0.39   
0 - 0.01 0.01 0.12 1.000 -0.32 0.34   
0 - 0.1 0.15 0.12 1.000 -0.18 0.49   
0 - 1 0.17 0.12 1.000 -0.16 0.51  
20 0 - 0.001 0.10 0.13 1.000 -0.27 0.46   
0 - 0.01 0.23 0.13 0.724 -0.14 0.60   
0 - 0.1 0.11 0.13 1.000 -0.25 0.48   
0 - 1 0.18 0.13 1.000 -0.18 0.55  
30 0 - 0.001 0.18 0.11 1.000 -0.14 0.50   
0 - 0.01 0.24 0.11 0.354 -0.08 0.56   
0 - 0.1 0.17 0.11 1.000 -0.15 0.49   
0 - 1 0.15 0.11 1.000 -0.17 0.47  
40 0 - 0.001 0.18 0.12 1.000 -0.16 0.51 
345 
 
  
0 - 0.01 0.23 0.12 0.488 -0.10 0.57   
0 - 0.1 0.20 0.12 0.928 -0.14 0.54   
0 - 1 0.21 0.12 0.723 -0.12 0.55  
50 0 - 0.001 0.12 0.13 1.000 -0.26 0.50   
0 - 0.01 0.20 0.13 1.000 -0.18 0.58   
0 - 0.1 0.11 0.13 1.000 -0.27 0.49   
0 - 1 0.11 0.13 1.000 -0.27 0.49  
60 0 - 0.001 0.09 0.14 1.000 -0.31 0.49   
0 - 0.01 0.12 0.14 1.000 -0.28 0.52   
0 - 0.1 0.07 0.14 1.000 -0.33 0.47   
0 - 1 0.12 0.14 1.000 -0.28 0.53  
70 0 - 0.001 0.02 0.14 1.000 -0.37 0.41   
0 - 0.01 0.21 0.14 1.000 -0.18 0.59   
0 - 0.1 0.23 0.14 0.933 -0.16 0.62   
0 - 1 0.14 0.14 1.000 -0.25 0.53  
80 0 - 0.001 0.04 0.14 1.000 -0.35 0.44   
0 - 0.01 0.20 0.14 1.000 -0.20 0.59   
0 - 0.1 0.15 0.14 1.000 -0.24 0.55   
0 - 1 0.23 0.14 0.930 -0.16 0.63  
90 0 - 0.001 0.11 0.15 1.000 -0.31 0.53   
0 - 0.01 0.24 0.15 1.000 -0.18 0.66   
0 - 0.1 0.14 0.15 1.000 -0.28 0.56   
0 - 1 0.13 0.15 1.000 -0.29 0.55  
100 0 - 0.001 0.15 0.13 1.000 -0.23 0.53   
0 - 0.01 0.24 0.13 0.735 -0.14 0.62   
0 - 0.1 0.22 0.13 1.000 -0.16 0.60   
0 - 1 0.20 0.13 1.000 -0.18 0.58  
110 0 - 0.001 0.13 0.12 1.000 -0.23 0.48   
0 - 0.01 0.23 0.12 0.646 -0.12 0.58   
0 - 0.1 0.27 0.12 0.315 -0.09 0.62   
0 - 1 0.24 0.12 0.524 -0.11 0.60  
120 0 - 0.001 0.05 0.14 1.000 -0.35 0.46   
0 - 0.01 0.16 0.14 1.000 -0.25 0.56   
0 - 0.1 0.19 0.14 1.000 -0.22 0.59   
0 - 1 0.13 0.14 1.000 -0.28 0.53  
130 0 - 0.001 0.30 0.42 1.000 -0.91 1.51   
0 - 0.01 0.82 0.42 0.545 -0.39 2.03   
0 - 0.1 0.41 0.42 1.000 -0.80 1.63   
0 - 1 0.51 0.42 1.000 -0.70 1.72  
140 0 - 0.001 -0.53 0.34 1.000 -1.50 0.44   
0 - 0.01 0.28 0.34 1.000 -0.68 1.25   
0 - 0.1 -0.11 0.34 1.000 -1.08 0.85   
0 - 1 -0.05 0.34 1.000 -1.02 0.92  
150 0 - 0.001 -0.07 0.28 1.000 -0.86 0.72   
0 - 0.01 0.25 0.28 1.000 -0.54 1.04   
0 - 0.1 0.21 0.28 1.000 -0.58 1.00   
0 - 1 0.22 0.28 1.000 -0.57 1.01  
160 0 - 0.001 0.17 0.26 1.000 -0.58 0.92   
0 - 0.01 0.03 0.26 1.000 -0.72 0.78   
0 - 0.1 -0.10 0.26 1.000 -0.85 0.65   
0 - 1 -0.04 0.26 1.000 -0.79 0.71  
170 0 - 0.001 0.06 0.23 1.000 -0.58 0.71   
0 - 0.01 0.04 0.23 1.000 -0.61 0.69   
0 - 0.1 -0.09 0.23 1.000 -0.74 0.56   
0 - 1 -0.15 0.23 1.000 -0.80 0.50  
180 0 - 0.001 0.19 0.27 1.000 -0.57 0.95   
0 - 0.01 -0.02 0.27 1.000 -0.79 0.74   
0 - 0.1 0.22 0.27 1.000 -0.54 0.99   
0 - 1 0.02 0.27 1.000 -0.74 0.78  
190 0 - 0.001 0.00 0.25 1.000 -0.72 0.72   
0 - 0.01 0.36 0.25 1.000 -0.36 1.08   
0 - 0.1 0.31 0.25 1.000 -0.41 1.03 
346 
 
  
0 - 1 0.06 0.25 1.000 -0.66 0.78  
200 0 - 0.001 0.07 0.23 1.000 -0.60 0.74   
0 - 0.01 0.19 0.23 1.000 -0.48 0.86   
0 - 0.1 0.38 0.23 1.000 -0.29 1.05   
0 - 1 -0.11 0.23 1.000 -0.78 0.56  
210 0 - 0.001 0.16 0.24 1.000 -0.55 0.86   
0 - 0.01 0.35 0.24 1.000 -0.35 1.06   
0 - 0.1 0.35 0.24 1.000 -0.36 1.05   
0 - 1 0.05 0.24 1.000 -0.65 0.76  
220 0 - 0.001 0.14 0.21 1.000 -0.47 0.75   
0 - 0.01 0.22 0.21 1.000 -0.39 0.83   
0 - 0.1 0.16 0.21 1.000 -0.45 0.77   
0 - 1 0.24 0.21 1.000 -0.37 0.85  
230 0 - 0.001 -0.01 0.20 1.000 -0.57 0.56   
0 - 0.01 -0.28 0.20 1.000 -0.85 0.28   
0 - 0.1 -0.24 0.20 1.000 -0.81 0.33   
0 - 1 -0.19 0.20 1.000 -0.76 0.37  
240 0 - 0.001 -0.12 0.22 1.000 -0.76 0.52   
0 - 0.01 -0.04 0.22 1.000 -0.68 0.60   
0 - 0.1 -0.08 0.22 1.000 -0.72 0.56   
0 - 1 0.06 0.22 1.000 -0.58 0.69  
250 0 - 0.001 0.05 0.08 1.000 -0.18 0.28   
0 - 0.01 0.00 0.08 1.000 -0.24 0.23   
0 - 0.1 0.07 0.08 1.000 -0.16 0.30   
0 - 1 -0.06 0.08 1.000 -0.29 0.17  
260 0 - 0.001 0.05 0.07 1.000 -0.16 0.27   
0 - 0.01 0.04 0.07 1.000 -0.17 0.26   
0 - 0.1 0.08 0.07 1.000 -0.13 0.30   
0 - 1 0.06 0.07 1.000 -0.15 0.28  
270 0 - 0.001 0.06 0.08 1.000 -0.17 0.30   
0 - 0.01 0.11 0.08 1.000 -0.13 0.35   
0 - 0.1 0.07 0.08 1.000 -0.17 0.31   
0 - 1 0.00 0.08 1.000 -0.24 0.24  
280 0 - 0.001 0.09 0.08 1.000 -0.14 0.31   
0 - 0.01 0.13 0.08 1.000 -0.10 0.35   
0 - 0.1 0.16 0.08 0.503 -0.07 0.38   
0 - 1 0.02 0.08 1.000 -0.20 0.25  
290 0 - 0.001 -0.03 0.07 1.000 -0.24 0.18   
0 - 0.01 0.01 0.07 1.000 -0.20 0.22   
0 - 0.1 0.00 0.07 1.000 -0.21 0.21   
0 - 1 -0.05 0.07 1.000 -0.26 0.16  
300 0 - 0.001 -0.08 0.08 1.000 -0.31 0.15   
0 - 0.01 0.01 0.08 1.000 -0.22 0.24   
0 - 0.1 -0.01 0.08 1.000 -0.25 0.22   
0 - 1 -0.04 0.08 1.000 -0.27 0.19  
310 0 - 0.001 -0.05 0.08 1.000 -0.28 0.19   
0 - 0.01 0.04 0.08 1.000 -0.19 0.28   
0 - 0.1 -0.04 0.08 1.000 -0.28 0.19   
0 - 1 0.05 0.08 1.000 -0.19 0.28  
320 0 - 0.001 -0.02 0.08 1.000 -0.25 0.21   
0 - 0.01 0.06 0.08 1.000 -0.17 0.29   
0 - 0.1 0.03 0.08 1.000 -0.20 0.26   
0 - 1 0.04 0.08 1.000 -0.19 0.27  
330 0 - 0.001 -0.03 0.10 1.000 -0.31 0.26   
0 - 0.01 0.02 0.10 1.000 -0.27 0.30   
0 - 0.1 -0.01 0.10 1.000 -0.29 0.28   
0 - 1 -0.03 0.10 1.000 -0.31 0.26  
340 0 - 0.001 0.08 0.10 1.000 -0.21 0.37   
0 - 0.01 0.14 0.10 1.000 -0.15 0.43   
0 - 0.1 -0.01 0.10 1.000 -0.29 0.28   
0 - 1 0.05 0.10 1.000 -0.23 0.34  
350 0 - 0.001 0.12 0.09 1.000 -0.15 0.39 
347 
 
  
0 - 0.01 0.16 0.09 0.936 -0.11 0.43   
0 - 0.1 0.09 0.09 1.000 -0.18 0.36   
0 - 1 0.08 0.09 1.000 -0.19 0.35  
360 0 - 0.001 0.07 0.10 1.000 -0.22 0.35   
0 - 0.01 0.07 0.10 1.000 -0.21 0.36   
0 - 0.1 0.01 0.10 1.000 -0.28 0.29   
0 - 1 0.06 0.10 1.000 -0.23 0.35  
370 0 - 0.001 -0.38 0.40 1.000 -1.55 0.78   
0 - 0.01 0.19 0.40 1.000 -0.98 1.35   
0 - 0.1 0.23 0.40 1.000 -0.93 1.40   
0 - 1 0.03 0.40 1.000 -1.13 1.20  
380 0 - 0.001 -0.02 0.33 1.000 -0.98 0.94   
0 - 0.01 0.21 0.33 1.000 -0.74 1.17   
0 - 0.1 0.29 0.33 1.000 -0.67 1.25   
0 - 1 -0.12 0.33 1.000 -1.08 0.83  
390 0 - 0.001 0.25 0.31 1.000 -0.64 1.14   
0 - 0.01 0.21 0.31 1.000 -0.68 1.10   
0 - 0.1 0.28 0.31 1.000 -0.61 1.17   
0 - 1 0.19 0.31 1.000 -0.70 1.08  
400 0 - 0.001 -0.05 0.24 1.000 -0.75 0.65   
0 - 0.01 0.09 0.24 1.000 -0.61 0.79   
0 - 0.1 0.23 0.24 1.000 -0.47 0.93   
0 - 1 -0.28 0.24 1.000 -0.98 0.42  
410 0 - 0.001 0.29 0.22 1.000 -0.34 0.92   
0 - 0.01 0.37 0.22 0.911 -0.26 1.01   
0 - 0.1 0.23 0.22 1.000 -0.40 0.86   
0 - 1 -0.08 0.22 1.000 -0.72 0.55  
420 0 - 0.001 0.54 0.23 0.186 -0.11 1.19   
0 - 0.01 0.70 0.23 0.027 0.05 1.35   
0 - 0.1 0.43 0.23 0.584 -0.22 1.09   
0 - 1 0.32 0.23 1.000 -0.33 0.97  
430 0 - 0.001 -0.31 0.25 1.000 -1.01 0.40   
0 - 0.01 -0.01 0.25 1.000 -0.72 0.69   
0 - 0.1 -0.05 0.25 1.000 -0.75 0.66   
0 - 1 0.00 0.25 1.000 -0.70 0.71  
440 0 - 0.001 -0.28 0.23 1.000 -0.95 0.40   
0 - 0.01 -0.13 0.23 1.000 -0.81 0.54   
0 - 0.1 0.13 0.23 1.000 -0.54 0.81   
0 - 1 -0.04 0.23 1.000 -0.71 0.64  
450 0 - 0.001 -0.25 0.26 1.000 -0.99 0.49   
0 - 0.01 -0.15 0.26 1.000 -0.88 0.59   
0 - 0.1 0.12 0.26 1.000 -0.62 0.86   
0 - 1 -0.29 0.26 1.000 -1.03 0.45  
460 0 - 0.001 0.31 0.28 1.000 -0.49 1.11   
0 - 0.01 0.14 0.28 1.000 -0.66 0.94   
0 - 0.1 0.25 0.28 1.000 -0.55 1.05   
0 - 1 0.05 0.28 1.000 -0.75 0.85  
470 0 - 0.001 -0.06 0.25 1.000 -0.77 0.66   
0 - 0.01 -0.02 0.25 1.000 -0.73 0.69   
0 - 0.1 0.00 0.25 1.000 -0.71 0.71   
0 - 1 0.00 0.25 1.000 -0.71 0.71  
480 0 - 0.001 0.05 0.23 1.000 -0.63 0.73   
0 - 0.01 0.00 0.23 1.000 -0.67 0.68   
0 - 0.1 0.04 0.23 1.000 -0.64 0.71   
0 - 1 -0.20 0.23 1.000 -0.87 0.48 
2 weeks 10 0 - 0.001 0.23 0.14 1.000 -0.17 0.62   
0 - 0.01 0.25 0.14 0.699 -0.14 0.65   
0 - 0.1 0.24 0.14 0.868 -0.16 0.64   
0 - 1 0.09 0.14 1.000 -0.31 0.49  
20 0 - 0.001 0.30 0.13 0.249 -0.08 0.68   
0 - 0.01 0.30 0.13 0.231 -0.07 0.68   
0 - 0.1 0.30 0.13 0.243 -0.08 0.68 
348 
 
  
0 - 1 0.20 0.13 1.000 -0.18 0.58  
30 0 - 0.001 0.25 0.11 0.295 -0.08 0.58   
0 - 0.01 0.29 0.11 0.119 -0.04 0.62   
0 - 0.1 0.31 0.11 0.085 -0.02 0.64   
0 - 1 0.19 0.11 0.915 -0.13 0.52  
40 0 - 0.001 0.26 0.13 0.511 -0.12 0.65   
0 - 0.01 0.26 0.13 0.529 -0.12 0.64   
0 - 0.1 0.30 0.13 0.252 -0.08 0.68   
0 - 1 0.22 0.13 1.000 -0.16 0.60  
50 0 - 0.001 0.16 0.12 1.000 -0.18 0.50   
0 - 0.01 0.28 0.12 0.180 -0.06 0.63   
0 - 0.1 0.23 0.12 0.595 -0.11 0.57   
0 - 1 0.16 0.12 1.000 -0.18 0.50  
60 0 - 0.001 0.21 0.11 0.498 -0.10 0.52   
0 - 0.01 0.28 0.11 0.106 -0.03 0.59   
0 - 0.1 0.21 0.11 0.483 -0.09 0.52   
0 - 1 0.26 0.11 0.180 -0.05 0.57  
70 0 - 0.001 0.24 0.12 0.488 -0.11 0.59   
0 - 0.01 0.34 0.12 0.062 -0.01 0.68   
0 - 0.1 0.33 0.12 0.078 -0.02 0.67   
0 - 1 0.34 0.12 0.057 -0.01 0.69  
80 0 - 0.001 0.16 0.13 1.000 -0.20 0.53   
0 - 0.01 0.26 0.13 0.445 -0.11 0.63   
0 - 0.1 0.28 0.13 0.330 -0.09 0.64   
0 - 1 0.19 0.13 1.000 -0.18 0.56  
90 0 - 0.001 0.11 0.09 1.000 -0.17 0.38   
0 - 0.01 0.17 0.09 0.815 -0.11 0.44   
0 - 0.1 0.23 0.09 0.173 -0.04 0.50   
0 - 1 0.12 0.09 1.000 -0.15 0.40  
100 0 - 0.001 0.07 0.10 1.000 -0.20 0.35   
0 - 0.01 0.13 0.10 1.000 -0.14 0.41   
0 - 0.1 0.13 0.10 1.000 -0.14 0.41   
0 - 1 0.12 0.10 1.000 -0.16 0.40  
110 0 - 0.001 0.12 0.10 1.000 -0.18 0.41   
0 - 0.01 0.05 0.10 1.000 -0.25 0.35   
0 - 0.1 0.14 0.10 1.000 -0.16 0.44   
0 - 1 0.09 0.10 1.000 -0.21 0.38  
120 0 - 0.001 0.18 0.13 1.000 -0.20 0.55   
0 - 0.01 0.18 0.13 1.000 -0.19 0.56   
0 - 0.1 0.23 0.13 0.826 -0.15 0.61   
0 - 1 0.04 0.13 1.000 -0.33 0.42  
130 0 - 0.001 -0.24 0.42 1.000 -1.43 0.96   
0 - 0.01 0.24 0.42 1.000 -0.96 1.43   
0 - 0.1 0.00 0.42 1.000 -1.20 1.19   
0 - 1 -0.42 0.42 1.000 -1.62 0.77  
140 0 - 0.001 -0.51 0.36 1.000 -1.55 0.53   
0 - 0.01 -0.06 0.36 1.000 -1.10 0.98   
0 - 0.1 -0.14 0.36 1.000 -1.18 0.90   
0 - 1 -0.63 0.36 0.862 -1.66 0.41  
150 0 - 0.001 -0.32 0.31 1.000 -1.20 0.56   
0 - 0.01 -0.09 0.31 1.000 -0.97 0.79   
0 - 0.1 -0.14 0.31 1.000 -1.02 0.74   
0 - 1 -0.29 0.31 1.000 -1.17 0.59  
160 0 - 0.001 0.13 0.28 1.000 -0.68 0.94   
0 - 0.01 0.31 0.28 1.000 -0.49 1.12   
0 - 0.1 0.30 0.28 1.000 -0.51 1.11   
0 - 1 -0.03 0.28 1.000 -0.84 0.78  
170 0 - 0.001 0.41 0.26 1.000 -0.33 1.15   
0 - 0.01 0.35 0.26 1.000 -0.39 1.09   
0 - 0.1 0.14 0.26 1.000 -0.60 0.88   
0 - 1 -0.07 0.26 1.000 -0.81 0.66  
180 0 - 0.001 0.09 0.25 1.000 -0.63 0.80 
349 
 
  
0 - 0.01 -0.05 0.25 1.000 -0.76 0.66   
0 - 0.1 0.12 0.25 1.000 -0.59 0.84   
0 - 1 0.10 0.25 1.000 -0.62 0.81  
190 0 - 0.001 0.02 0.23 1.000 -0.66 0.69   
0 - 0.01 -0.07 0.23 1.000 -0.75 0.60   
0 - 0.1 0.20 0.23 1.000 -0.48 0.87   
0 - 1 0.08 0.23 1.000 -0.60 0.75  
200 0 - 0.001 0.13 0.26 1.000 -0.63 0.89   
0 - 0.01 0.18 0.26 1.000 -0.58 0.93   
0 - 0.1 0.32 0.26 1.000 -0.44 1.08   
0 - 1 -0.01 0.26 1.000 -0.77 0.75  
210 0 - 0.001 -0.26 0.25 1.000 -0.99 0.47   
0 - 0.01 -0.27 0.25 1.000 -1.00 0.46   
0 - 0.1 -0.03 0.25 1.000 -0.76 0.70   
0 - 1 -0.55 0.25 0.311 -1.28 0.17  
220 0 - 0.001 -0.09 0.24 1.000 -0.80 0.61   
0 - 0.01 -0.15 0.24 1.000 -0.85 0.56   
0 - 0.1 0.10 0.24 1.000 -0.60 0.81   
0 - 1 -0.46 0.24 0.661 -1.16 0.25  
230 0 - 0.001 -0.08 0.24 1.000 -0.78 0.61   
0 - 0.01 -0.20 0.24 1.000 -0.90 0.49   
0 - 0.1 -0.26 0.24 1.000 -0.95 0.44   
0 - 1 -0.06 0.24 1.000 -0.75 0.63  
240 0 - 0.001 0.05 0.23 1.000 -0.63 0.72   
0 - 0.01 -0.12 0.23 1.000 -0.79 0.55   
0 - 0.1 -0.06 0.23 1.000 -0.73 0.61   
0 - 1 0.04 0.23 1.000 -0.63 0.72  
250 0 - 0.001 0.06 0.08 1.000 -0.17 0.29   
0 - 0.01 -0.17 0.08 0.397 -0.40 0.06   
0 - 0.1 -0.12 0.08 1.000 -0.35 0.11   
0 - 1 -0.08 0.08 1.000 -0.31 0.16  
260 0 - 0.001 0.04 0.05 1.000 -0.11 0.19   
0 - 0.01 -0.03 0.05 1.000 -0.18 0.12   
0 - 0.1 0.02 0.05 1.000 -0.13 0.17   
0 - 1 0.03 0.05 1.000 -0.12 0.18  
270 0 - 0.001 0.06 0.07 1.000 -0.16 0.27   
0 - 0.01 0.09 0.07 1.000 -0.12 0.31   
0 - 0.1 0.06 0.07 1.000 -0.15 0.28   
0 - 1 0.13 0.07 0.937 -0.09 0.34  
280 0 - 0.001 0.08 0.07 1.000 -0.13 0.28   
0 - 0.01 0.08 0.07 1.000 -0.13 0.28   
0 - 0.1 0.02 0.07 1.000 -0.19 0.22   
0 - 1 0.08 0.07 1.000 -0.13 0.28  
290 0 - 0.001 0.12 0.07 0.832 -0.08 0.32   
0 - 0.01 0.13 0.07 0.612 -0.07 0.33   
0 - 0.1 0.07 0.07 1.000 -0.13 0.26   
0 - 1 0.05 0.07 1.000 -0.14 0.25  
300 0 - 0.001 0.08 0.08 1.000 -0.14 0.30   
0 - 0.01 0.12 0.08 1.000 -0.10 0.34   
0 - 0.1 0.06 0.08 1.000 -0.16 0.28   
0 - 1 0.06 0.08 1.000 -0.15 0.28  
310 0 - 0.001 -0.08 0.09 1.000 -0.34 0.17   
0 - 0.01 0.03 0.09 1.000 -0.22 0.29   
0 - 0.1 0.02 0.09 1.000 -0.24 0.28   
0 - 1 -0.02 0.09 1.000 -0.28 0.24  
320 0 - 0.001 0.01 0.10 1.000 -0.28 0.30   
0 - 0.01 0.04 0.10 1.000 -0.25 0.33   
0 - 0.1 0.00 0.10 1.000 -0.29 0.28   
0 - 1 -0.05 0.10 1.000 -0.34 0.23  
330 0 - 0.001 0.06 0.09 1.000 -0.21 0.33   
0 - 0.01 0.10 0.09 1.000 -0.17 0.37   
0 - 0.1 0.16 0.09 0.882 -0.11 0.43 
350 
 
  
0 - 1 0.08 0.09 1.000 -0.19 0.34  
340 0 - 0.001 0.11 0.10 1.000 -0.18 0.40   
0 - 0.01 0.14 0.10 1.000 -0.15 0.43   
0 - 0.1 0.18 0.10 0.852 -0.11 0.46   
0 - 1 0.12 0.10 1.000 -0.17 0.41  
350 0 - 0.001 0.01 0.10 1.000 -0.27 0.29   
0 - 0.01 0.09 0.10 1.000 -0.19 0.37   
0 - 0.1 0.08 0.10 1.000 -0.20 0.36   
0 - 1 0.10 0.10 1.000 -0.18 0.39  
360 0 - 0.001 0.03 0.10 1.000 -0.27 0.32   
0 - 0.01 0.17 0.10 0.943 -0.12 0.47   
0 - 0.1 0.18 0.10 0.834 -0.12 0.47   
0 - 1 0.11 0.10 1.000 -0.19 0.40  
370 0 - 0.001 -0.38 0.35 1.000 -1.39 0.62   
0 - 0.01 0.41 0.35 1.000 -0.60 1.41   
0 - 0.1 0.12 0.35 1.000 -0.88 1.12   
0 - 1 -0.09 0.35 1.000 -1.09 0.91  
380 0 - 0.001 -0.01 0.35 1.000 -1.01 0.98   
0 - 0.01 0.13 0.35 1.000 -0.86 1.13   
0 - 0.1 0.14 0.35 1.000 -0.86 1.13   
0 - 1 -0.08 0.35 1.000 -1.07 0.92  
390 0 - 0.001 -0.07 0.26 1.000 -0.83 0.68   
0 - 0.01 0.12 0.26 1.000 -0.64 0.87   
0 - 0.1 -0.19 0.26 1.000 -0.95 0.57   
0 - 1 -0.29 0.26 1.000 -1.05 0.47  
400 0 - 0.001 0.21 0.25 1.000 -0.51 0.94   
0 - 0.01 -0.04 0.25 1.000 -0.76 0.69   
0 - 0.1 0.15 0.25 1.000 -0.58 0.88   
0 - 1 -0.03 0.25 1.000 -0.76 0.69  
410 0 - 0.001 -0.05 0.24 1.000 -0.75 0.64   
0 - 0.01 -0.12 0.24 1.000 -0.82 0.58   
0 - 0.1 -0.04 0.24 1.000 -0.73 0.66   
0 - 1 -0.04 0.24 1.000 -0.73 0.66  
420 0 - 0.001 0.02 0.25 1.000 -0.70 0.73   
0 - 0.01 0.30 0.25 1.000 -0.42 1.01   
0 - 0.1 0.20 0.25 1.000 -0.52 0.91   
0 - 1 0.14 0.25 1.000 -0.57 0.85  
430 0 - 0.001 -0.22 0.26 1.000 -0.97 0.52   
0 - 0.01 0.02 0.26 1.000 -0.72 0.76   
0 - 0.1 -0.19 0.26 1.000 -0.93 0.55   
0 - 1 -0.03 0.26 1.000 -0.77 0.72  
440 0 - 0.001 0.20 0.26 1.000 -0.55 0.94   
0 - 0.01 0.08 0.26 1.000 -0.66 0.82   
0 - 0.1 0.28 0.26 1.000 -0.47 1.02   
0 - 1 0.04 0.26 1.000 -0.70 0.78  
450 0 - 0.001 0.33 0.30 1.000 -0.53 1.18   
0 - 0.01 0.23 0.30 1.000 -0.63 1.08   
0 - 0.1 0.36 0.30 1.000 -0.50 1.21   
0 - 1 0.17 0.30 1.000 -0.69 1.02  
460 0 - 0.001 0.26 0.29 1.000 -0.57 1.10   
0 - 0.01 -0.12 0.29 1.000 -0.96 0.71   
0 - 0.1 -0.04 0.29 1.000 -0.88 0.80   
0 - 1 -0.02 0.29 1.000 -0.86 0.81  
470 0 - 0.001 -0.21 0.23 1.000 -0.88 0.46   
0 - 0.01 -0.34 0.23 1.000 -1.01 0.33   
0 - 0.1 -0.17 0.23 1.000 -0.84 0.50   
0 - 1 0.07 0.23 1.000 -0.60 0.74  
480 0 - 0.001 -0.06 0.24 1.000 -0.76 0.63   
0 - 0.01 -0.11 0.24 1.000 -0.81 0.59   
0 - 0.1 -0.05 0.24 1.000 -0.75 0.65   
0 - 1 -0.28 0.24 1.000 -0.98 0.42 
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S-Table 14: Pairwise comparisons of Phototaxis and Thigmotaxis for G. pulex S-fluoxetine 
exposure between treatments. Significance level p £ 0.05 
Endpoint Exposure time Comparison Mean Diff Std. Error P-value 95% Confidence 
Lower Upper 
Phototaxis 1 day  2 min 0 - 0.001 1.75 6.75 1.000 -17.66 21.16    
0 - 0.01 2.62 6.75 1.000 -16.79 22.03    
0 - 0.1 5.75 6.75 1.000 -13.66 25.16    
0 - 1 -8.35 6.84 1.000 -28.02 11.31    
0.001 - 0.01 0.87 6.75 1.000 -18.54 20.29    
0.001 - 0.1 4.00 6.75 1.000 -15.41 23.41    
0.001 - 1 -10.10 6.84 1.000 -29.76 9.56    
0.01 - 0.1 3.13 6.75 1.000 -16.29 22.54    
0.01 - 1 -10.97 6.84 1.000 -30.64 8.69    
0.1 - 1 -14.10 6.84 0.420 -33.76 5.56   
4 min  0 - 0.001 -6.39 5.45 1.000 -22.06 9.28    
0 - 0.01 7.72 5.45 1.000 -7.95 23.38    
0 - 0.1 -2.31 5.45 1.000 -17.98 13.36    
0 - 1 -3.39 5.52 1.000 -19.26 12.48    
0.001 - 0.01 14.11 5.45 0.112 -1.56 29.77    
0.001 - 0.1 4.08 5.45 1.000 -11.59 19.75    
0.001 - 1 3.00 5.52 1.000 -12.87 18.87    
0.01 - 0.1 -10.03 5.45 0.690 -25.69 5.64    
0.01 - 1 -11.11 5.52 0.471 -26.98 4.77    
0.1 - 1 -1.08 5.52 1.000 -16.95 14.79   
6 min 0 - 0.001 -3.50 7.36 1.000 -24.65 17.66    
0 - 0.01 2.29 7.36 1.000 -18.86 23.44    
0 - 0.1 7.13 7.36 1.000 -14.03 28.28    
0 - 1 -1.59 7.45 1.000 -23.02 19.84    
0.001 - 0.01 5.79 7.36 1.000 -15.37 26.94    
0.001 - 0.1 10.62 7.36 1.000 -10.53 31.78    
0.001 - 1 1.90 7.45 1.000 -19.53 23.33    
0.01 - 0.1 4.83 7.36 1.000 -16.32 25.99    
0.01 - 1 -3.88 7.45 1.000 -25.31 17.55    
0.1 - 1 -8.72 7.45 1.000 -30.15 12.71   
8 min 0 - 0.001 0.18 5.21 1.000 -14.79 15.15    
0 - 0.01 4.43 5.21 1.000 -10.54 19.40    
0 - 0.1 1.37 5.21 1.000 -13.60 16.34    
0 - 1 1.13 5.28 1.000 -14.03 16.30    
0.001 - 0.01 4.25 5.21 1.000 -10.72 19.22    
0.001 - 0.1 1.19 5.21 1.000 -13.78 16.16    
0.001 - 1 0.95 5.28 1.000 -14.22 16.11    
0.01 - 0.1 -3.06 5.21 1.000 -18.03 11.91    
0.01 - 1 -3.30 5.28 1.000 -18.47 11.86    
0.1 - 1 -0.24 5.28 1.000 -15.40 14.93  
1 week  2 min 0 - 0.001 14.58 8.47 0.886 -9.79 38.95    
0 - 0.01 -0.31 8.47 1.000 -24.67 24.06    
0 - 0.1 4.76 8.47 1.000 -19.61 29.12    
0 - 1 6.67 8.58 1.000 -18.01 31.35    
0.001 - 0.01 -14.89 8.36 0.784 -38.94 9.17    
0.001 - 0.1 -9.82 8.36 1.000 -33.88 14.23    
0.001 - 1 -7.91 8.47 1.000 -32.28 16.45    
0.01 - 0.1 5.06 8.36 1.000 -18.99 29.12    
0.01 - 1 6.97 8.47 1.000 -17.39 31.34    
0.1 - 1 1.91 8.47 1.000 -22.46 26.28   
4 min  0 - 0.001 -4.52 4.02 1.000 -16.08 7.04    
0 - 0.01 -4.86 4.02 1.000 -16.42 6.70    
0 - 0.1 -7.70 4.02 0.583 -19.26 3.85    
0 - 1 -5.04 4.07 1.000 -16.74 6.67    
0.001 - 0.01 -0.34 3.97 1.000 -11.75 11.07    
0.001 - 0.1 -3.18 3.97 1.000 -14.59 8.23    
0.001 - 1 -0.52 4.02 1.000 -12.08 11.04 
352 
 
   
0.01 - 0.1 -2.85 3.97 1.000 -14.26 8.56    
0.01 - 1 -0.18 4.02 1.000 -11.74 11.38    
0.1 - 1 2.67 4.02 1.000 -8.89 14.23   
6 min 0 - 0.001 -12.10 7.69 1.000 -34.20 10.00    
0 - 0.01 -5.42 7.69 1.000 -27.52 16.68    
0 - 0.1 9.88 7.69 1.000 -12.22 31.98    
0 - 1 -7.58 7.78 1.000 -29.96 14.81    
0.001 - 0.01 6.68 7.59 1.000 -15.13 28.50    
0.001 - 0.1 21.98 7.59 0.047 0.17 43.80    
0.001 - 1 4.53 7.69 1.000 -17.57 26.63    
0.01 - 0.1 15.30 7.59 0.466 -6.52 37.12    
0.01 - 1 -2.15 7.69 1.000 -24.25 19.95    
0.1 - 1 -17.45 7.69 0.255 -39.55 4.65   
8 min 0 - 0.001 -2.51 4.20 1.000 -14.58 9.57    
0 - 0.01 -1.23 4.20 1.000 -13.30 10.84    
0 - 0.1 -1.79 4.20 1.000 -13.87 10.28    
0 - 1 -0.42 4.25 1.000 -12.65 11.80    
0.001 - 0.01 1.28 4.14 1.000 -10.64 13.19    
0.001 - 0.1 0.71 4.14 1.000 -11.20 12.63    
0.001 - 1 2.08 4.20 1.000 -9.99 14.16    
0.01 - 0.1 -0.56 4.14 1.000 -12.48 11.35    
0.01 - 1 0.81 4.20 1.000 -11.26 12.88    
0.1 - 1 1.37 4.20 1.000 -10.70 13.44  
2 weeks  2 min 0 - 0.001 1.18 8.60 1.000 -23.56 25.92    
0 - 0.01 -1.62 8.60 1.000 -26.36 23.12    
0 - 0.1 5.56 8.60 1.000 -19.18 30.30    
0 - 1 -1.89 8.71 1.000 -26.95 23.17    
0.001 - 0.01 -2.79 8.49 1.000 -27.22 21.63    
0.001 - 0.1 4.38 8.49 1.000 -20.04 28.80    
0.001 - 1 -3.07 8.60 1.000 -27.81 21.67    
0.01 - 0.1 7.18 8.49 1.000 -17.25 31.60    
0.01 - 1 -0.27 8.60 1.000 -25.02 24.47    
0.1 - 1 -7.45 8.60 1.000 -32.19 17.29   
4 min  0 - 0.001 -9.03 4.47 0.460 -21.88 3.81    
0 - 0.01 -6.97 4.47 1.000 -19.81 5.88    
0 - 0.1 -4.48 4.47 1.000 -17.33 8.36    
0 - 1 -7.16 4.52 1.000 -20.16 5.85    
0.001 - 0.01 2.07 4.41 1.000 -10.61 14.74    
0.001 - 0.1 4.55 4.41 1.000 -8.13 17.23    
0.001 - 1 1.88 4.47 1.000 -10.97 14.72    
0.01 - 0.1 2.48 4.41 1.000 -10.19 15.16    
0.01 - 1 -0.19 4.47 1.000 -13.03 12.65    
0.1 - 1 -2.67 4.47 1.000 -15.51 10.17   
6 min 0 - 0.001 -3.84 9.66 1.000 -31.63 23.95    
0 - 0.01 6.86 9.66 1.000 -20.93 34.65    
0 - 0.1 -1.57 9.66 1.000 -29.36 26.22    
0 - 1 0.49 9.79 1.000 -27.65 28.63    
0.001 - 0.01 10.70 9.54 1.000 -16.73 38.13    
0.001 - 0.1 2.27 9.54 1.000 -25.16 29.70    
0.001 - 1 4.33 9.66 1.000 -23.46 32.12    
0.01 - 0.1 -8.43 9.54 1.000 -35.86 19.00    
0.01 - 1 -6.37 9.66 1.000 -34.16 21.42    
0.1 - 1 2.06 9.66 1.000 -25.73 29.85   
8 min 0 - 0.001 -3.35 4.51 1.000 -16.30 9.61    
0 - 0.01 -2.19 4.51 1.000 -15.15 10.77    
0 - 0.1 -2.49 4.51 1.000 -15.45 10.46    
0 - 1 -3.43 4.56 1.000 -16.55 9.70    
0.001 - 0.01 1.15 4.45 1.000 -11.64 13.94    
0.001 - 0.1 0.85 4.45 1.000 -11.94 13.64    
0.001 - 1 -0.08 4.51 1.000 -13.04 12.88    
0.01 - 0.1 -0.30 4.45 1.000 -13.09 12.49    
0.01 - 1 -1.23 4.51 1.000 -14.19 11.72 
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0.1 - 1 -0.93 4.51 1.000 -13.89 12.02 
Thigmotaxis  1 day  2 min  0 - 0.001 11.92 4.44 0.087 -0.86 24.70    
0 - 0.01 6.48 4.44 1.000 -6.30 19.25    
0 - 0.1 11.77 4.44 0.095 -1.01 24.55    
0 - 1 5.67 4.50 1.000 -7.27 18.62    
0.001 - 0.01 -5.44 4.44 1.000 -18.22 7.33    
0.001 - 0.1 -0.15 4.44 1.000 -12.93 12.63    
0.001 - 1 -6.25 4.50 1.000 -19.19 6.70    
0.01 - 0.1 5.29 4.44 1.000 -7.48 18.07    
0.01 - 1 -0.80 4.50 1.000 -13.75 12.14    
0.1 - 1 -6.09 4.50 1.000 -19.04 6.85   
4 min  0 - 0.001 1.42 2.24 1.000 -5.03 7.87    
0 - 0.01 -1.50 2.24 1.000 -7.95 4.95    
0 - 0.1 0.77 2.24 1.000 -5.68 7.22    
0 - 1 -0.27 2.27 1.000 -6.81 6.26    
0.001 - 0.01 -2.92 2.24 1.000 -9.37 3.53    
0.001 - 0.1 -0.65 2.24 1.000 -7.10 5.80    
0.001 - 1 -1.69 2.27 1.000 -8.23 4.84    
0.01 - 0.1 2.27 2.24 1.000 -4.18 8.72    
0.01 - 1 1.23 2.27 1.000 -5.31 7.76    
0.1 - 1 -1.04 2.27 1.000 -7.57 5.49   
6 min 0 - 0.001 10.13 4.93 0.424 -4.03 24.29    
0 - 0.01 6.60 4.93 1.000 -7.56 20.76    
0 - 0.1 15.15 4.93 0.027 0.99 29.31    
0 - 1 13.61 4.99 0.076 -0.74 27.95    
0.001 - 0.01 -3.53 4.93 1.000 -17.69 10.62    
0.001 - 0.1 5.02 4.93 1.000 -9.14 19.18    
0.001 - 1 3.48 4.99 1.000 -10.87 17.82    
0.01 - 0.1 8.55 4.93 0.857 -5.60 22.71    
0.01 - 1 7.01 4.99 1.000 -7.33 21.35    
0.1 - 1 -1.54 4.99 1.000 -15.89 12.80   
8 min 0 - 0.001 -0.56 2.68 1.000 -8.27 7.14    
0 - 0.01 -3.56 2.68 1.000 -11.27 4.14    
0 - 0.1 -1.08 2.68 1.000 -8.79 6.62    
0 - 1 1.97 2.72 1.000 -5.83 9.78    
0.001 - 0.01 -3.00 2.68 1.000 -10.71 4.71    
0.001 - 0.1 -0.52 2.68 1.000 -8.23 7.19    
0.001 - 1 2.54 2.72 1.000 -5.27 10.34    
0.01 - 0.1 2.48 2.68 1.000 -5.23 10.19    
0.01 - 1 5.54 2.72 0.443 -2.27 13.34    
0.1 - 1 3.06 2.72 1.000 -4.75 10.86  
1 week  2 min 0 - 0.001 9.98 5.41 0.679 -5.56 25.53    
0 - 0.01 9.44 5.41 0.840 -6.10 24.98    
0 - 0.1 9.98 5.41 0.682 -5.57 25.52    
0 - 1 7.47 5.47 1.000 -8.28 23.21    
0.001 - 0.01 -0.54 5.34 1.000 -15.89 14.80    
0.001 - 0.1 -0.01 5.34 1.000 -15.35 15.34    
0.001 - 1 -2.52 5.41 1.000 -18.06 13.03    
0.01 - 0.1 0.53 5.34 1.000 -14.81 15.88    
0.01 - 1 -1.97 5.41 1.000 -17.52 13.57    
0.1 - 1 -2.51 5.41 1.000 -18.05 13.04   
4 min  0 - 0.001 5.53 4.03 1.000 -6.05 17.10    
0 - 0.01 4.18 4.03 1.000 -7.40 15.75    
0 - 0.1 6.30 4.03 1.000 -5.28 17.87    
0 - 1 3.62 4.08 1.000 -8.10 15.35    
0.001 - 0.01 -1.35 3.97 1.000 -12.78 10.08    
0.001 - 0.1 0.77 3.97 1.000 -10.66 12.19    
0.001 - 1 -1.91 4.03 1.000 -13.48 9.67    
0.01 - 0.1 2.12 3.97 1.000 -9.31 13.54    
0.01 - 1 -0.56 4.03 1.000 -12.13 11.02    
0.1 - 1 -2.67 4.03 1.000 -14.25 8.90   
6 min 0 - 0.001 -1.81 4.76 1.000 -15.50 11.88 
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0 - 0.01 2.58 4.76 1.000 -11.11 16.28    
0 - 0.1 1.88 4.76 1.000 -11.81 15.57    
0 - 1 5.47 4.82 1.000 -8.40 19.34    
0.001 - 0.01 4.39 4.70 1.000 -9.12 17.91    
0.001 - 0.1 3.69 4.70 1.000 -9.83 17.21    
0.001 - 1 7.28 4.76 1.000 -6.41 20.97    
0.01 - 0.1 -0.70 4.70 1.000 -14.22 12.81    
0.01 - 1 2.89 4.76 1.000 -10.80 16.58    
0.1 - 1 3.59 4.76 1.000 -10.10 17.28   
8 min 0 - 0.001 1.86 4.54 1.000 -11.20 14.93    
0 - 0.01 6.11 4.54 1.000 -6.95 19.18    
0 - 0.1 -3.98 4.54 1.000 -17.04 9.09    
0 - 1 4.75 4.60 1.000 -8.48 17.98    
0.001 - 0.01 4.25 4.49 1.000 -8.65 17.15    
0.001 - 0.1 -5.84 4.49 1.000 -18.74 7.05    
0.001 - 1 2.88 4.54 1.000 -10.18 15.95    
0.01 - 0.1 -10.09 4.49 0.268 -22.99 2.81    
0.01 - 1 -1.36 4.54 1.000 -14.43 11.70    
0.1 - 1 8.73 4.54 0.578 -4.34 21.79  
2 weeks 2 min 0 - 0.001 7.82 4.54 0.879 -5.22 20.87    
0 - 0.01 3.93 4.54 1.000 -9.11 16.98    
0 - 0.1 7.50 4.54 1.000 -5.55 20.54    
0 - 1 6.47 4.59 1.000 -6.74 19.68    
0.001 - 0.01 -3.89 4.48 1.000 -16.77 8.98    
0.001 - 0.1 -0.33 4.48 1.000 -13.20 12.55    
0.001 - 1 -1.35 4.54 1.000 -14.40 11.69    
0.01 - 0.1 3.57 4.48 1.000 -9.31 16.44    
0.01 - 1 2.54 4.54 1.000 -10.51 15.58    
0.1 - 1 -1.03 4.54 1.000 -14.07 12.02   
4 min  0 - 0.001 2.76 2.12 1.000 -3.34 8.87    
0 - 0.01 -2.46 2.12 1.000 -8.56 3.64    
0 - 0.1 0.85 2.12 1.000 -5.26 6.95    
0 - 1 0.28 2.15 1.000 -5.90 6.46    
0.001 - 0.01 -5.22 2.10 0.145 -11.25 0.80    
0.001 - 0.1 -1.91 2.10 1.000 -7.94 4.11    
0.001 - 1 -2.48 2.12 1.000 -8.59 3.62    
0.01 - 0.1 3.31 2.10 1.000 -2.72 9.33    
0.01 - 1 2.74 2.12 1.000 -3.37 8.84    
0.1 - 1 -0.57 2.12 1.000 -6.67 5.53   
6 min 0 - 0.001 5.37 4.71 1.000 -8.18 18.91    
0 - 0.01 0.54 4.71 1.000 -13.00 14.08    
0 - 0.1 7.43 4.71 1.000 -6.11 20.97    
0 - 1 7.36 4.77 1.000 -6.36 21.07    
0.001 - 0.01 -4.83 4.65 1.000 -18.20 8.54    
0.001 - 0.1 2.06 4.65 1.000 -11.30 15.43    
0.001 - 1 1.99 4.71 1.000 -11.55 15.54    
0.01 - 0.1 6.89 4.65 1.000 -6.48 20.26    
0.01 - 1 6.82 4.71 1.000 -6.72 20.36    
0.1 - 1 -0.07 4.71 1.000 -13.61 13.47   
8 min 0 - 0.001 1.45 2.57 1.000 -5.95 8.84    
0 - 0.01 -6.90 2.57 0.086 -14.29 0.49    
0 - 0.1 -0.51 2.57 1.000 -7.90 6.88    
0 - 1 2.09 2.60 1.000 -5.39 9.58    
0.001 - 0.01 -8.34 2.54 0.014 -15.64 -1.05    
0.001 - 0.1 -1.95 2.54 1.000 -9.25 5.34    
0.001 - 1 0.65 2.57 1.000 -6.75 8.04    
0.01 - 0.1 6.39 2.54 0.135 -0.90 13.69    
0.01 - 1 8.99 2.57 0.007 1.60 16.38    
0.1 - 1 2.60 2.57 1.000 -4.79 9.99 
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S-Table 15: Pairwise comparisons of Phototaxis for E. marinus oxazepam exposure 
between treatments. Significance level p £ 0.05 
Exposure Time Comparison Mean Diff Std. Error P-value 95% Confidence 
Lower Upper 
1 day 2min 0 - 0.001 -2.83 6.21 1.000 -20.67 15.00   
0 - 0.01 -2.40 6.21 1.000 -20.23 15.44   
0 - 0.1 -4.80 6.21 1.000 -22.64 13.04   
0 - 1 -6.78 6.21 1.000 -24.61 11.06   
0.001 - 0.01 0.44 6.21 1.000 -17.40 18.27   
0.001 - 0.1 -1.97 6.21 1.000 -19.80 15.87   
0.001 - 1 -3.94 6.21 1.000 -21.78 13.89   
0.01 - 0.1 -2.40 6.21 1.000 -20.24 15.43   
0.01 - 1 -4.38 6.21 1.000 -22.22 13.46   
0.1 - 1 -1.98 6.21 1.000 -19.81 15.86  
4min 0 - 0.001 -0.22 4.78 1.000 -13.95 13.51   
0 - 0.01 6.22 4.78 1.000 -7.50 19.95   
0 - 0.1 7.67 4.78 1.000 -6.06 21.39   
0 - 1 3.08 4.78 1.000 -10.65 16.81   
0.001 - 0.01 6.44 4.78 1.000 -7.29 20.17   
0.001 - 0.1 7.88 4.78 1.000 -5.85 21.61   
0.001 - 1 3.30 4.78 1.000 -10.43 17.03   
0.01 - 0.1 1.44 4.78 1.000 -12.29 15.17   
0.01 - 1 -3.15 4.78 1.000 -16.87 10.58   
0.1 - 1 -4.59 4.78 1.000 -18.32 9.14  
6min 0 - 0.001 -6.00 5.31 1.000 -21.26 9.26   
0 - 0.01 13.26 5.31 0.143 -2.00 28.52   
0 - 0.1 7.49 5.31 1.000 -7.77 22.75   
0 - 1 1.01 5.31 1.000 -14.26 16.27   
0.001 - 0.01 19.26 5.31 0.005 3.99 34.52   
0.001 - 0.1 13.49 5.31 0.127 -1.77 28.75   
0.001 - 1 7.00 5.31 1.000 -8.26 22.27   
0.01 - 0.1 -5.77 5.31 1.000 -21.03 9.50   
0.01 - 1 -12.25 5.31 0.232 -27.51 3.01   
0.1 - 1 -6.49 5.31 1.000 -21.75 8.78  
8min 0 - 0.001 0.40 9.23 1.000 -26.12 26.92   
0 - 0.01 9.28 9.23 1.000 -17.24 35.80   
0 - 0.1 6.95 9.23 1.000 -19.57 33.47   
0 - 1 20.89 9.23 0.259 -5.63 47.41   
0.001 - 0.01 8.88 9.23 1.000 -17.64 35.40   
0.001 - 0.1 6.55 9.23 1.000 -19.98 33.07   
0.001 - 1 20.49 9.23 0.288 -6.03 47.01   
0.01 - 0.1 -2.33 9.23 1.000 -28.86 24.19   
0.01 - 1 11.61 9.23 1.000 -14.92 38.13   
0.1 - 1 13.94 9.23 1.000 -12.58 40.46 
1 week  2min 0 - 0.001 4.39 7.40 1.000 -16.90 25.67   
0 - 0.01 2.77 7.31 1.000 -18.25 23.79   
0 - 0.1 1.56 7.31 1.000 -19.47 22.58   
0 - 1 2.16 7.31 1.000 -18.86 23.18   
0.001 - 0.01 -1.62 7.31 1.000 -22.64 19.40   
0.001 - 0.1 -2.83 7.31 1.000 -23.85 18.19   
0.001 - 1 -2.23 7.31 1.000 -23.25 18.79   
0.01 - 0.1 -1.21 7.22 1.000 -21.96 19.54   
0.01 - 1 -0.61 7.22 1.000 -21.36 20.14   
0.1 - 1 0.60 7.22 1.000 -20.15 21.35  
4min 0 - 0.001 -3.57 4.82 1.000 -17.44 10.30   
0 - 0.01 -0.36 4.76 1.000 -14.06 13.33   
0 - 0.1 -6.67 4.76 1.000 -20.37 7.03   
0 - 1 0.36 4.76 1.000 -13.34 14.05   
0.001 - 0.01 3.21 4.76 1.000 -10.49 16.90   
0.001 - 0.1 -3.10 4.76 1.000 -16.80 10.59   
0.001 - 1 3.92 4.76 1.000 -9.77 17.62 
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0.01 - 0.1 -6.31 4.70 1.000 -19.83 7.21   
0.01 - 1 0.72 4.70 1.000 -12.80 14.24   
0.1 - 1 7.03 4.70 1.000 -6.49 20.55  
6min 0 - 0.001 4.51 6.63 1.000 -14.56 23.58   
0 - 0.01 -4.51 6.55 1.000 -23.34 14.32   
0 - 0.1 5.95 6.55 1.000 -12.88 24.78   
0 - 1 4.92 6.55 1.000 -13.91 23.75   
0.001 - 0.01 -9.02 6.55 1.000 -27.85 9.81   
0.001 - 0.1 1.44 6.55 1.000 -17.39 20.27   
0.001 - 1 0.40 6.55 1.000 -18.43 19.23   
0.01 - 0.1 10.46 6.46 1.000 -8.13 29.04   
0.01 - 1 9.42 6.46 1.000 -9.16 28.01   
0.1 - 1 -1.03 6.46 1.000 -19.62 17.55  
8min 0 - 0.001 -3.07 3.46 1.000 -13.02 6.88   
0 - 0.01 2.05 3.42 1.000 -7.77 11.88   
0 - 0.1 -4.00 3.42 1.000 -13.82 5.83   
0 - 1 1.68 3.42 1.000 -8.15 11.51   
0.001 - 0.01 5.12 3.42 1.000 -4.70 14.95   
0.001 - 0.1 -0.93 3.42 1.000 -10.75 8.90   
0.001 - 1 4.75 3.42 1.000 -5.07 14.58   
0.01 - 0.1 -6.05 3.37 0.761 -15.75 3.65   
0.01 - 1 -0.37 3.37 1.000 -10.07 9.33   
0.1 - 1 5.68 3.37 0.957 -4.02 15.38 
2 week  2min 0 - 0.001 5.10 7.03 1.000 -15.13 25.32   
0 - 0.01 -2.87 7.03 1.000 -23.09 17.35   
0 - 0.1 -8.77 6.94 1.000 -28.74 11.20   
0 - 1 -16.40 6.94 0.203 -36.37 3.57   
0.001 - 0.01 -7.96 7.03 1.000 -28.19 12.26   
0.001 - 0.1 -13.87 6.94 0.487 -33.83 6.10   
0.001 - 1 -21.50 6.94 0.026 -41.46 -1.53   
0.01 - 0.1 -5.90 6.94 1.000 -25.87 14.07   
0.01 - 1 -13.53 6.94 0.543 -33.50 6.44   
0.1 - 1 -7.63 6.85 1.000 -27.34 12.08  
4min 0 - 0.001 -0.95 4.78 1.000 -14.70 12.80   
0 - 0.01 7.95 4.78 0.995 -5.80 21.71   
0 - 0.1 7.14 4.72 1.000 -6.44 20.72   
0 - 1 5.17 4.72 1.000 -8.41 18.74   
0.001 - 0.01 8.91 4.78 0.657 -4.84 22.66   
0.001 - 0.1 8.09 4.72 0.899 -5.49 21.67   
0.001 - 1 6.12 4.72 1.000 -7.46 19.70   
0.01 - 0.1 -0.82 4.72 1.000 -14.39 12.76   
0.01 - 1 -2.79 4.72 1.000 -16.37 10.79   
0.1 - 1 -1.97 4.66 1.000 -15.38 11.43  
6min 0 - 0.001 -0.95 7.31 1.000 -21.97 20.07   
0 - 0.01 2.81 7.31 1.000 -18.21 23.83   
0 - 0.1 -3.44 7.22 1.000 -24.19 17.32   
0 - 1 -5.89 7.22 1.000 -26.64 14.87   
0.001 - 0.01 3.76 7.31 1.000 -17.26 24.78   
0.001 - 0.1 -2.49 7.22 1.000 -23.25 18.27   
0.001 - 1 -4.94 7.22 1.000 -25.69 15.82   
0.01 - 0.1 -6.25 7.22 1.000 -27.00 14.51   
0.01 - 1 -8.70 7.22 1.000 -29.45 12.06   
0.1 - 1 -2.45 7.12 1.000 -22.94 18.04  
8min 0 - 0.001 -6.59 5.84 1.000 -23.39 10.21   
0 - 0.01 1.00 5.84 1.000 -15.80 17.80   
0 - 0.1 -1.29 5.77 1.000 -17.88 15.30   
0 - 1 -8.61 5.77 1.000 -25.20 7.98   
0.001 - 0.01 7.59 5.84 1.000 -9.21 24.39   
0.001 - 0.1 5.30 5.77 1.000 -11.29 21.89   
0.001 - 1 -2.02 5.77 1.000 -18.61 14.57   
0.01 - 0.1 -2.29 5.77 1.000 -18.88 14.30   
0.01 - 1 -9.61 5.77 0.991 -26.20 6.98 
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0.1 - 1 -7.32 5.69 1.000 -23.70 9.06 
 
S-Table 16: Pairwise comparisons 10 second velocity data for G. pulex oxazepam exposure 
between treatments. Significance level p £ 0.05 
Exposure Time (s) Comparisons Mean Diff Std. Error P-value 95% Confidence 
Lower Upper 
1 day  10 0 - 0.001 0.15 0.09 0.874 -0.10 0.41   
0 - 0.01 0.16 0.09 0.796 -0.10 0.42   
0 - 0.1 0.16 0.09 0.843 -0.10 0.41   
0 - 1 0.26 0.09 0.045 0.00 0.52  
20 0 - 0.001 0.20 0.06 0.025 0.01 0.38   
0 - 0.01 0.15 0.06 0.185 -0.03 0.33   
0 - 0.1 0.14 0.06 0.339 -0.05 0.32   
0 - 1 0.19 0.06 0.041 0.00 0.37  
30 0 - 0.001 0.10 0.07 1.000 -0.10 0.30   
0 - 0.01 0.12 0.07 0.743 -0.07 0.32   
0 - 0.1 0.02 0.07 1.000 -0.18 0.22   
0 - 1 0.12 0.07 0.829 -0.08 0.32  
40 0 - 0.001 0.01 0.07 1.000 -0.20 0.22   
0 - 0.01 0.06 0.07 1.000 -0.15 0.27   
0 - 0.1 -0.04 0.07 1.000 -0.25 0.17   
0 - 1 0.11 0.07 1.000 -0.10 0.32  
50 0 - 0.001 0.04 0.07 1.000 -0.16 0.24   
0 - 0.01 0.09 0.07 1.000 -0.11 0.29   
0 - 0.1 0.00 0.07 1.000 -0.20 0.20   
0 - 1 0.13 0.07 0.662 -0.07 0.33  
60 0 - 0.001 0.05 0.07 1.000 -0.17 0.26   
0 - 0.01 0.08 0.07 1.000 -0.13 0.29   
0 - 0.1 0.01 0.07 1.000 -0.20 0.22   
0 - 1 0.10 0.07 1.000 -0.11 0.32  
70 0 - 0.001 0.09 0.08 1.000 -0.14 0.32   
0 - 0.01 0.16 0.08 0.463 -0.07 0.39   
0 - 0.1 0.01 0.08 1.000 -0.22 0.24   
0 - 1 0.16 0.08 0.499 -0.07 0.39  
80 0 - 0.001 0.02 0.07 1.000 -0.16 0.21   
0 - 0.01 0.06 0.07 1.000 -0.12 0.25   
0 - 0.1 0.02 0.07 1.000 -0.17 0.21   
0 - 1 0.08 0.07 1.000 -0.11 0.27  
90 0 - 0.001 0.08 0.08 1.000 -0.15 0.32   
0 - 0.01 0.14 0.08 0.905 -0.10 0.37   
0 - 0.1 0.05 0.08 1.000 -0.18 0.29   
0 - 1 0.13 0.08 1.000 -0.10 0.37  
100 0 - 0.001 0.02 0.07 1.000 -0.16 0.21   
0 - 0.01 0.07 0.07 1.000 -0.12 0.26   
0 - 0.1 -0.08 0.07 1.000 -0.27 0.11   
0 - 1 0.07 0.07 1.000 -0.12 0.25  
110 0 - 0.001 0.07 0.08 1.000 -0.15 0.29   
0 - 0.01 0.14 0.08 0.658 -0.08 0.36   
0 - 0.1 0.07 0.08 1.000 -0.14 0.29   
0 - 1 0.08 0.08 1.000 -0.14 0.30  
120 0 - 0.001 0.12 0.07 0.930 -0.08 0.32   
0 - 0.01 0.13 0.07 0.585 -0.07 0.33   
0 - 0.1 -0.03 0.07 1.000 -0.23 0.17   
0 - 1 0.11 0.07 1.000 -0.09 0.30  
130 0 - 0.001 1.12 0.39 0.045 0.02 2.23   
0 - 0.01 0.69 0.39 0.784 -0.42 1.80   
0 - 0.1 0.87 0.39 0.269 -0.24 1.98   
0 - 1 0.59 0.39 1.000 -0.52 1.70  
140 0 - 0.001 0.84 0.32 0.114 -0.10 1.77   
0 - 0.01 0.73 0.32 0.262 -0.20 1.66   
0 - 0.1 0.77 0.32 0.199 -0.16 1.70 
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0 - 1 0.51 0.32 1.000 -0.42 1.44  
150 0 - 0.001 0.46 0.27 0.904 -0.31 1.24   
0 - 0.01 0.52 0.27 0.595 -0.26 1.29   
0 - 0.1 0.62 0.27 0.249 -0.16 1.39   
0 - 1 0.21 0.27 1.000 -0.56 0.99  
160 0 - 0.001 0.32 0.22 1.000 -0.31 0.95   
0 - 0.01 0.12 0.22 1.000 -0.51 0.75   
0 - 0.1 0.21 0.22 1.000 -0.42 0.85   
0 - 1 0.19 0.22 1.000 -0.44 0.82  
170 0 - 0.001 -0.15 0.17 1.000 -0.65 0.35   
0 - 0.01 -0.07 0.17 1.000 -0.57 0.43   
0 - 0.1 -0.03 0.17 1.000 -0.53 0.47   
0 - 1 -0.06 0.17 1.000 -0.56 0.44  
180 0 - 0.001 -0.04 0.19 1.000 -0.60 0.52   
0 - 0.01 0.06 0.19 1.000 -0.49 0.62   
0 - 0.1 -0.02 0.19 1.000 -0.58 0.53   
0 - 1 -0.07 0.19 1.000 -0.63 0.49  
190 0 - 0.001 0.35 0.20 0.757 -0.21 0.92   
0 - 0.01 0.34 0.20 0.879 -0.23 0.90   
0 - 0.1 0.29 0.20 1.000 -0.28 0.85   
0 - 1 0.41 0.20 0.380 -0.15 0.98  
200 0 - 0.001 0.19 0.18 1.000 -0.32 0.71   
0 - 0.01 0.31 0.18 0.914 -0.21 0.82   
0 - 0.1 0.31 0.18 0.899 -0.21 0.82   
0 - 1 0.43 0.18 0.182 -0.08 0.95  
210 0 - 0.001 -0.14 0.17 1.000 -0.62 0.35   
0 - 0.01 0.04 0.17 1.000 -0.44 0.53   
0 - 0.1 -0.10 0.17 1.000 -0.59 0.38   
0 - 1 0.15 0.17 1.000 -0.34 0.63  
220 0 - 0.001 0.36 0.17 0.397 -0.13 0.85   
0 - 0.01 0.51 0.17 0.036 0.02 1.00   
0 - 0.1 0.27 0.17 1.000 -0.22 0.76   
0 - 1 0.31 0.17 0.735 -0.18 0.80  
230 0 - 0.001 0.17 0.16 1.000 -0.30 0.63   
0 - 0.01 0.32 0.16 0.486 -0.14 0.78   
0 - 0.1 0.12 0.16 1.000 -0.34 0.58   
0 - 1 0.20 0.16 1.000 -0.26 0.66  
240 0 - 0.001 0.54 0.18 0.029 0.03 1.05   
0 - 0.01 0.37 0.18 0.389 -0.14 0.88   
0 - 0.1 0.25 0.18 1.000 -0.26 0.76   
0 - 1 0.32 0.18 0.769 -0.19 0.82  
250 0 - 0.001 -0.01 0.06 1.000 -0.19 0.16   
0 - 0.01 -0.07 0.06 1.000 -0.25 0.10   
0 - 0.1 -0.05 0.06 1.000 -0.22 0.13   
0 - 1 -0.01 0.06 1.000 -0.19 0.16  
260 0 - 0.001 -0.10 0.06 1.000 -0.28 0.07   
0 - 0.01 -0.11 0.06 0.703 -0.29 0.06   
0 - 0.1 -0.09 0.06 1.000 -0.27 0.08   
0 - 1 -0.03 0.06 1.000 -0.20 0.15  
270 0 - 0.001 -0.08 0.05 1.000 -0.24 0.07   
0 - 0.01 -0.05 0.05 1.000 -0.20 0.10   
0 - 0.1 -0.09 0.05 0.846 -0.25 0.06   
0 - 1 0.01 0.05 1.000 -0.15 0.16  
280 0 - 0.001 -0.04 0.05 1.000 -0.20 0.11   
0 - 0.01 0.01 0.05 1.000 -0.14 0.17   
0 - 0.1 -0.09 0.05 1.000 -0.24 0.07   
0 - 1 0.04 0.05 1.000 -0.11 0.20  
290 0 - 0.001 -0.02 0.06 1.000 -0.18 0.14   
0 - 0.01 -0.01 0.06 1.000 -0.17 0.15   
0 - 0.1 -0.08 0.06 1.000 -0.24 0.08   
0 - 1 0.01 0.06 1.000 -0.15 0.17  
300 0 - 0.001 -0.03 0.06 1.000 -0.20 0.13 
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0 - 0.01 0.00 0.06 1.000 -0.16 0.17   
0 - 0.1 0.01 0.06 1.000 -0.16 0.17   
0 - 1 0.05 0.06 1.000 -0.12 0.22  
310 0 - 0.001 0.01 0.06 1.000 -0.15 0.17   
0 - 0.01 0.02 0.06 1.000 -0.14 0.18   
0 - 0.1 0.01 0.06 1.000 -0.16 0.17   
0 - 1 0.06 0.06 1.000 -0.11 0.22  
320 0 - 0.001 -0.04 0.07 1.000 -0.23 0.15   
0 - 0.01 0.00 0.07 1.000 -0.19 0.18   
0 - 0.1 -0.04 0.07 1.000 -0.23 0.14   
0 - 1 0.04 0.07 1.000 -0.15 0.23  
330 0 - 0.001 -0.07 0.07 1.000 -0.29 0.14   
0 - 0.01 0.00 0.07 1.000 -0.22 0.21   
0 - 0.1 -0.09 0.07 1.000 -0.31 0.12   
0 - 1 0.01 0.07 1.000 -0.20 0.23  
340 0 - 0.001 -0.03 0.07 1.000 -0.24 0.19   
0 - 0.01 0.01 0.07 1.000 -0.20 0.22   
0 - 0.1 -0.05 0.07 1.000 -0.26 0.17   
0 - 1 0.05 0.07 1.000 -0.17 0.26  
350 0 - 0.001 0.01 0.06 1.000 -0.17 0.19   
0 - 0.01 0.04 0.06 1.000 -0.14 0.22   
0 - 0.1 -0.01 0.06 1.000 -0.19 0.17   
0 - 1 0.05 0.06 1.000 -0.13 0.23  
360 0 - 0.001 -0.07 0.08 1.000 -0.30 0.16   
0 - 0.01 0.03 0.08 1.000 -0.21 0.26   
0 - 0.1 -0.07 0.08 1.000 -0.30 0.17   
0 - 1 0.07 0.08 1.000 -0.16 0.31  
370 0 - 0.001 0.61 0.31 0.525 -0.28 1.51   
0 - 0.01 0.74 0.31 0.199 -0.16 1.64   
0 - 0.1 0.85 0.31 0.079 -0.05 1.75   
0 - 1 0.68 0.31 0.311 -0.21 1.58  
380 0 - 0.001 0.51 0.27 0.596 -0.26 1.29   
0 - 0.01 0.46 0.27 0.912 -0.32 1.24   
0 - 0.1 0.36 0.27 1.000 -0.42 1.14   
0 - 1 0.31 0.27 1.000 -0.47 1.08  
390 0 - 0.001 0.47 0.24 0.543 -0.22 1.15   
0 - 0.01 0.59 0.24 0.160 -0.10 1.27   
0 - 0.1 0.52 0.24 0.323 -0.17 1.21   
0 - 1 0.29 0.24 1.000 -0.40 0.98  
400 0 - 0.001 0.35 0.19 0.703 -0.20 0.89   
0 - 0.01 0.59 0.19 0.023 0.05 1.14   
0 - 0.1 0.42 0.19 0.290 -0.12 0.96   
0 - 1 0.26 0.19 1.000 -0.28 0.81  
410 0 - 0.001 0.27 0.18 1.000 -0.25 0.79   
0 - 0.01 0.26 0.18 1.000 -0.26 0.78   
0 - 0.1 0.00 0.18 1.000 -0.53 0.52   
0 - 1 0.04 0.18 1.000 -0.48 0.56  
420 0 - 0.001 0.20 0.22 1.000 -0.43 0.84   
0 - 0.01 0.31 0.22 1.000 -0.32 0.95   
0 - 0.1 -0.10 0.22 1.000 -0.74 0.53   
0 - 1 0.03 0.22 1.000 -0.60 0.66  
430 0 - 0.001 0.20 0.20 1.000 -0.38 0.78   
0 - 0.01 0.36 0.20 0.808 -0.22 0.94   
0 - 0.1 0.11 0.20 1.000 -0.47 0.69   
0 - 1 0.12 0.20 1.000 -0.46 0.70  
440 0 - 0.001 0.60 0.23 0.114 -0.07 1.26   
0 - 0.01 0.86 0.23 0.003 0.20 1.53   
0 - 0.1 0.72 0.23 0.024 0.06 1.38   
0 - 1 0.69 0.23 0.037 0.02 1.35  
450 0 - 0.001 0.27 0.17 1.000 -0.22 0.77   
0 - 0.01 0.29 0.17 1.000 -0.21 0.78   
0 - 0.1 0.31 0.17 0.739 -0.18 0.81 
360 
 
  
0 - 1 0.32 0.17 0.639 -0.17 0.82  
460 0 - 0.001 0.32 0.18 0.811 -0.20 0.85   
0 - 0.01 0.48 0.18 0.101 -0.05 1.01   
0 - 0.1 0.41 0.18 0.279 -0.12 0.94   
0 - 1 0.46 0.18 0.139 -0.07 0.99  
470 0 - 0.001 -0.11 0.17 1.000 -0.59 0.37   
0 - 0.01 -0.01 0.17 1.000 -0.50 0.47   
0 - 0.1 -0.17 0.17 1.000 -0.65 0.32   
0 - 1 -0.12 0.17 1.000 -0.60 0.36  
480 0 - 0.001 0.14 0.19 1.000 -0.40 0.67   
0 - 0.01 0.11 0.19 1.000 -0.43 0.64   
0 - 0.1 0.12 0.19 1.000 -0.42 0.65   
0 - 1 -0.01 0.19 1.000 -0.54 0.53 
1 week  10 0 - 0.001 -0.05 0.06 1.000 -0.23 0.12   
0 - 0.01 -0.14 0.06 0.238 -0.31 0.03   
0 - 0.1 -0.19 0.06 0.020 -0.36 -0.02   
0 - 1 -0.02 0.06 1.000 -0.19 0.16  
20 0 - 0.001 0.04 0.06 1.000 -0.13 0.21   
0 - 0.01 -0.05 0.06 1.000 -0.22 0.11   
0 - 0.1 -0.05 0.06 1.000 -0.21 0.11   
0 - 1 0.04 0.06 1.000 -0.13 0.20  
30 0 - 0.001 0.02 0.06 1.000 -0.14 0.19   
0 - 0.01 -0.05 0.06 1.000 -0.21 0.12   
0 - 0.1 -0.04 0.06 1.000 -0.20 0.13   
0 - 1 0.03 0.06 1.000 -0.13 0.20  
40 0 - 0.001 0.10 0.06 1.000 -0.08 0.27   
0 - 0.01 0.05 0.06 1.000 -0.12 0.22   
0 - 0.1 0.05 0.06 1.000 -0.12 0.22   
0 - 1 0.10 0.06 1.000 -0.07 0.27  
50 0 - 0.001 0.05 0.06 1.000 -0.12 0.22   
0 - 0.01 0.02 0.06 1.000 -0.15 0.19   
0 - 0.1 0.03 0.06 1.000 -0.14 0.20   
0 - 1 0.06 0.06 1.000 -0.11 0.23  
60 0 - 0.001 0.00 0.06 1.000 -0.16 0.17   
0 - 0.01 -0.02 0.06 1.000 -0.18 0.14   
0 - 0.1 -0.01 0.06 1.000 -0.17 0.15   
0 - 1 0.06 0.06 1.000 -0.11 0.22  
70 0 - 0.001 0.00 0.06 1.000 -0.18 0.18   
0 - 0.01 -0.05 0.06 1.000 -0.23 0.13   
0 - 0.1 0.00 0.06 1.000 -0.18 0.18   
0 - 1 0.03 0.06 1.000 -0.15 0.21  
80 0 - 0.001 -0.03 0.06 1.000 -0.20 0.14   
0 - 0.01 -0.03 0.06 1.000 -0.19 0.14   
0 - 0.1 0.03 0.06 1.000 -0.13 0.19   
0 - 1 0.02 0.06 1.000 -0.14 0.19  
90 0 - 0.001 -0.07 0.06 1.000 -0.24 0.10   
0 - 0.01 -0.01 0.06 1.000 -0.18 0.15   
0 - 0.1 0.04 0.06 1.000 -0.13 0.20   
0 - 1 0.04 0.06 1.000 -0.13 0.20  
100 0 - 0.001 -0.06 0.07 1.000 -0.26 0.14   
0 - 0.01 -0.01 0.07 1.000 -0.21 0.19   
0 - 0.1 0.06 0.07 1.000 -0.14 0.26   
0 - 1 0.08 0.07 1.000 -0.12 0.28  
110 0 - 0.001 0.01 0.06 1.000 -0.17 0.18   
0 - 0.01 0.07 0.06 1.000 -0.10 0.24   
0 - 0.1 0.04 0.06 1.000 -0.13 0.21   
0 - 1 0.05 0.06 1.000 -0.12 0.23  
120 0 - 0.001 0.00 0.06 1.000 -0.19 0.18   
0 - 0.01 0.07 0.06 1.000 -0.11 0.25   
0 - 0.1 0.08 0.06 1.000 -0.09 0.26   
0 - 1 0.07 0.06 1.000 -0.11 0.25  
130 0 - 0.001 0.63 0.38 1.000 -0.48 1.74 
361 
 
  
0 - 0.01 0.28 0.38 1.000 -0.81 1.37   
0 - 0.1 0.79 0.38 0.407 -0.30 1.88   
0 - 1 0.07 0.38 1.000 -1.03 1.18  
140 0 - 0.001 -0.07 0.27 1.000 -0.86 0.72   
0 - 0.01 0.41 0.27 1.000 -0.37 1.19   
0 - 0.1 0.55 0.27 0.454 -0.23 1.33   
0 - 1 0.02 0.27 1.000 -0.77 0.81  
150 0 - 0.001 0.06 0.25 1.000 -0.65 0.78   
0 - 0.01 0.34 0.24 1.000 -0.36 1.04   
0 - 0.1 0.27 0.24 1.000 -0.43 0.97   
0 - 1 0.03 0.25 1.000 -0.68 0.75  
160 0 - 0.001 0.15 0.20 1.000 -0.43 0.72   
0 - 0.01 0.36 0.20 0.706 -0.21 0.93   
0 - 0.1 0.04 0.20 1.000 -0.53 0.61   
0 - 1 0.21 0.20 1.000 -0.37 0.78  
170 0 - 0.001 0.39 0.20 0.537 -0.19 0.97   
0 - 0.01 0.38 0.20 0.580 -0.19 0.95   
0 - 0.1 0.36 0.20 0.711 -0.21 0.93   
0 - 1 0.39 0.20 0.583 -0.19 0.96  
180 0 - 0.001 0.04 0.19 1.000 -0.51 0.60   
0 - 0.01 0.00 0.19 1.000 -0.54 0.55   
0 - 0.1 0.04 0.19 1.000 -0.51 0.58   
0 - 1 0.11 0.19 1.000 -0.45 0.66  
190 0 - 0.001 0.02 0.18 1.000 -0.51 0.55   
0 - 0.01 -0.03 0.18 1.000 -0.55 0.49   
0 - 0.1 -0.12 0.18 1.000 -0.64 0.40   
0 - 1 0.04 0.18 1.000 -0.49 0.56  
200 0 - 0.001 -0.29 0.20 1.000 -0.88 0.30   
0 - 0.01 -0.09 0.20 1.000 -0.67 0.49   
0 - 0.1 -0.11 0.20 1.000 -0.69 0.46   
0 - 1 -0.22 0.20 1.000 -0.81 0.36  
210 0 - 0.001 -0.21 0.19 1.000 -0.76 0.33   
0 - 0.01 -0.10 0.19 1.000 -0.63 0.44   
0 - 0.1 0.19 0.19 1.000 -0.35 0.72   
0 - 1 -0.20 0.19 1.000 -0.74 0.35  
220 0 - 0.001 0.04 0.18 1.000 -0.47 0.56   
0 - 0.01 0.25 0.18 1.000 -0.26 0.76   
0 - 0.1 0.19 0.18 1.000 -0.32 0.70   
0 - 1 -0.03 0.18 1.000 -0.54 0.49  
230 0 - 0.001 -0.25 0.19 1.000 -0.79 0.28   
0 - 0.01 0.14 0.18 1.000 -0.38 0.67   
0 - 0.1 -0.09 0.18 1.000 -0.62 0.43   
0 - 1 -0.20 0.19 1.000 -0.73 0.34  
240 0 - 0.001 0.02 0.20 1.000 -0.54 0.58   
0 - 0.01 0.13 0.19 1.000 -0.43 0.68   
0 - 0.1 -0.07 0.19 1.000 -0.62 0.49   
0 - 1 0.17 0.20 1.000 -0.39 0.73  
250 0 - 0.001 -0.02 0.07 1.000 -0.23 0.19   
0 - 0.01 0.05 0.07 1.000 -0.16 0.25   
0 - 0.1 -0.02 0.07 1.000 -0.23 0.19   
0 - 1 0.03 0.07 1.000 -0.18 0.24  
260 0 - 0.001 -0.05 0.04 1.000 -0.16 0.06   
0 - 0.01 -0.06 0.04 1.000 -0.16 0.05   
0 - 0.1 -0.05 0.04 1.000 -0.16 0.06   
0 - 1 -0.10 0.04 0.089 -0.21 0.01  
270 0 - 0.001 -0.08 0.05 1.000 -0.21 0.06   
0 - 0.01 -0.10 0.05 0.335 -0.23 0.03   
0 - 0.1 -0.07 0.05 1.000 -0.20 0.07   
0 - 1 -0.06 0.05 1.000 -0.19 0.08  
280 0 - 0.001 -0.11 0.04 0.067 -0.23 0.00   
0 - 0.01 -0.06 0.04 1.000 -0.17 0.06   
0 - 0.1 -0.02 0.04 1.000 -0.13 0.10 
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0 - 1 -0.02 0.04 1.000 -0.14 0.09  
290 0 - 0.001 -0.07 0.05 1.000 -0.22 0.08   
0 - 0.01 -0.04 0.05 1.000 -0.19 0.11   
0 - 0.1 -0.04 0.05 1.000 -0.18 0.11   
0 - 1 -0.07 0.05 1.000 -0.22 0.08  
300 0 - 0.001 -0.07 0.06 1.000 -0.24 0.10   
0 - 0.01 -0.11 0.06 0.659 -0.27 0.06   
0 - 0.1 -0.07 0.06 1.000 -0.23 0.10   
0 - 1 -0.07 0.06 1.000 -0.24 0.10  
310 0 - 0.001 -0.04 0.05 1.000 -0.18 0.10   
0 - 0.01 -0.10 0.05 0.394 -0.24 0.04   
0 - 0.1 -0.06 0.05 1.000 -0.19 0.08   
0 - 1 -0.03 0.05 1.000 -0.17 0.11  
320 0 - 0.001 -0.01 0.05 1.000 -0.16 0.14   
0 - 0.01 -0.06 0.05 1.000 -0.22 0.09   
0 - 0.1 0.02 0.05 1.000 -0.13 0.17   
0 - 1 0.00 0.05 1.000 -0.15 0.16  
330 0 - 0.001 0.01 0.06 1.000 -0.15 0.18   
0 - 0.01 0.05 0.06 1.000 -0.12 0.21   
0 - 0.1 0.05 0.06 1.000 -0.12 0.21   
0 - 1 0.01 0.06 1.000 -0.16 0.18  
340 0 - 0.001 0.00 0.06 1.000 -0.19 0.18   
0 - 0.01 0.04 0.06 1.000 -0.14 0.22   
0 - 0.1 0.03 0.06 1.000 -0.15 0.21   
0 - 1 0.03 0.06 1.000 -0.16 0.22  
350 0 - 0.001 0.01 0.06 1.000 -0.17 0.18   
0 - 0.01 0.04 0.06 1.000 -0.13 0.21   
0 - 0.1 0.04 0.06 1.000 -0.13 0.22   
0 - 1 0.00 0.06 1.000 -0.17 0.18  
360 0 - 0.001 -0.08 0.07 1.000 -0.28 0.11   
0 - 0.01 0.02 0.07 1.000 -0.17 0.21   
0 - 0.1 0.01 0.07 1.000 -0.18 0.20   
0 - 1 0.03 0.07 1.000 -0.17 0.22  
370 0 - 0.001 0.16 0.28 1.000 -0.64 0.96   
0 - 0.01 0.31 0.27 1.000 -0.48 1.10   
0 - 0.1 0.40 0.27 1.000 -0.39 1.19   
0 - 1 0.22 0.28 1.000 -0.58 1.02  
380 0 - 0.001 0.39 0.28 1.000 -0.40 1.18   
0 - 0.01 0.61 0.27 0.270 -0.17 1.39   
0 - 0.1 0.40 0.27 1.000 -0.39 1.18   
0 - 1 0.24 0.28 1.000 -0.56 1.03  
390 0 - 0.001 0.06 0.24 1.000 -0.63 0.75   
0 - 0.01 0.23 0.24 1.000 -0.45 0.91   
0 - 0.1 -0.07 0.24 1.000 -0.75 0.61   
0 - 1 0.09 0.24 1.000 -0.60 0.77  
400 0 - 0.001 -0.06 0.23 1.000 -0.71 0.60   
0 - 0.01 0.27 0.23 1.000 -0.37 0.92   
0 - 0.1 0.16 0.23 1.000 -0.49 0.80   
0 - 1 0.18 0.23 1.000 -0.48 0.84  
410 0 - 0.001 -0.12 0.21 1.000 -0.72 0.47   
0 - 0.01 -0.16 0.20 1.000 -0.75 0.42   
0 - 0.1 -0.17 0.20 1.000 -0.76 0.42   
0 - 1 -0.05 0.21 1.000 -0.64 0.54  
420 0 - 0.001 -0.17 0.19 1.000 -0.72 0.39   
0 - 0.01 0.10 0.19 1.000 -0.45 0.64   
0 - 0.1 0.16 0.19 1.000 -0.39 0.70   
0 - 1 -0.11 0.19 1.000 -0.67 0.44  
430 0 - 0.001 0.16 0.19 1.000 -0.38 0.71   
0 - 0.01 0.07 0.19 1.000 -0.47 0.61   
0 - 0.1 0.07 0.19 1.000 -0.47 0.61   
0 - 1 0.05 0.19 1.000 -0.49 0.60  
440 0 - 0.001 0.09 0.18 1.000 -0.43 0.61 
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0 - 0.01 0.02 0.18 1.000 -0.50 0.53   
0 - 0.1 0.05 0.18 1.000 -0.47 0.56   
0 - 1 0.03 0.18 1.000 -0.49 0.55  
450 0 - 0.001 -0.15 0.20 1.000 -0.73 0.43   
0 - 0.01 0.08 0.20 1.000 -0.49 0.65   
0 - 0.1 0.17 0.20 1.000 -0.39 0.74   
0 - 1 0.05 0.20 1.000 -0.53 0.63  
460 0 - 0.001 -0.19 0.20 1.000 -0.77 0.39   
0 - 0.01 0.17 0.20 1.000 -0.40 0.75   
0 - 0.1 0.17 0.20 1.000 -0.41 0.74   
0 - 1 0.13 0.20 1.000 -0.46 0.71  
470 0 - 0.001 0.45 0.18 0.137 -0.07 0.97   
0 - 0.01 0.55 0.18 0.027 0.04 1.05   
0 - 0.1 0.44 0.18 0.148 -0.07 0.95   
0 - 1 0.29 0.18 1.000 -0.23 0.80  
480 0 - 0.001 -0.20 0.20 1.000 -0.77 0.36   
0 - 0.01 0.11 0.19 1.000 -0.45 0.66   
0 - 0.1 -0.09 0.19 1.000 -0.65 0.47   
0 - 1 -0.05 0.20 1.000 -0.62 0.51 
2 weeks  10 0 - 0.001 0.12 0.12 1.000 -0.22 0.45   
0 - 0.01 0.13 0.12 1.000 -0.21 0.46   
0 - 0.1 0.17 0.12 1.000 -0.17 0.51   
0 - 1 0.26 0.12 0.307 -0.08 0.60  
20 0 - 0.001 -0.05 0.06 1.000 -0.23 0.13   
0 - 0.01 0.00 0.06 1.000 -0.18 0.18   
0 - 0.1 -0.03 0.06 1.000 -0.21 0.15   
0 - 1 0.04 0.06 1.000 -0.13 0.22  
30 0 - 0.001 -0.06 0.06 1.000 -0.24 0.13   
0 - 0.01 0.01 0.06 1.000 -0.17 0.20   
0 - 0.1 0.02 0.06 1.000 -0.17 0.20   
0 - 1 0.04 0.06 1.000 -0.14 0.23  
40 0 - 0.001 -0.02 0.06 1.000 -0.18 0.14   
0 - 0.01 0.01 0.06 1.000 -0.15 0.17   
0 - 0.1 -0.02 0.06 1.000 -0.18 0.14   
0 - 1 0.01 0.06 1.000 -0.15 0.17  
50 0 - 0.001 0.01 0.05 1.000 -0.15 0.16   
0 - 0.01 -0.02 0.05 1.000 -0.18 0.14   
0 - 0.1 -0.07 0.05 1.000 -0.23 0.09   
0 - 1 0.02 0.05 1.000 -0.14 0.17  
60 0 - 0.001 0.07 0.07 1.000 -0.13 0.26   
0 - 0.01 0.01 0.07 1.000 -0.19 0.21   
0 - 0.1 -0.05 0.07 1.000 -0.25 0.15   
0 - 1 0.08 0.07 1.000 -0.12 0.28  
70 0 - 0.001 0.03 0.07 1.000 -0.18 0.25   
0 - 0.01 0.03 0.07 1.000 -0.18 0.24   
0 - 0.1 -0.09 0.07 1.000 -0.30 0.13   
0 - 1 0.09 0.07 1.000 -0.12 0.30  
80 0 - 0.001 0.03 0.07 1.000 -0.18 0.23   
0 - 0.01 0.02 0.07 1.000 -0.18 0.23   
0 - 0.1 -0.04 0.07 1.000 -0.24 0.16   
0 - 1 0.05 0.07 1.000 -0.15 0.25  
90 0 - 0.001 0.00 0.07 1.000 -0.20 0.20   
0 - 0.01 0.03 0.07 1.000 -0.17 0.23   
0 - 0.1 -0.05 0.07 1.000 -0.25 0.15   
0 - 1 0.00 0.07 1.000 -0.20 0.20  
100 0 - 0.001 0.01 0.07 1.000 -0.19 0.21   
0 - 0.01 0.02 0.07 1.000 -0.18 0.21   
0 - 0.1 -0.02 0.07 1.000 -0.22 0.18   
0 - 1 0.01 0.07 1.000 -0.19 0.21  
110 0 - 0.001 0.00 0.07 1.000 -0.21 0.21   
0 - 0.01 -0.02 0.07 1.000 -0.23 0.19   
0 - 0.1 0.00 0.07 1.000 -0.22 0.21 
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0 - 1 0.02 0.07 1.000 -0.19 0.23  
120 0 - 0.001 -0.06 0.07 1.000 -0.25 0.13   
0 - 0.01 -0.03 0.07 1.000 -0.22 0.16   
0 - 0.1 -0.05 0.07 1.000 -0.24 0.14   
0 - 1 -0.03 0.07 1.000 -0.22 0.16  
130 0 - 0.001 0.41 0.36 1.000 -0.64 1.46   
0 - 0.01 0.51 0.36 1.000 -0.53 1.54   
0 - 0.1 0.59 0.36 1.000 -0.45 1.64   
0 - 1 0.23 0.36 1.000 -0.82 1.28  
140 0 - 0.001 0.11 0.31 1.000 -0.77 1.00   
0 - 0.01 0.24 0.30 1.000 -0.64 1.11   
0 - 0.1 0.00 0.31 1.000 -0.89 0.89   
0 - 1 -0.06 0.31 1.000 -0.94 0.83  
150 0 - 0.001 0.02 0.28 1.000 -0.77 0.82   
0 - 0.01 0.10 0.27 1.000 -0.69 0.88   
0 - 0.1 0.09 0.28 1.000 -0.71 0.89   
0 - 1 0.05 0.28 1.000 -0.74 0.85  
160 0 - 0.001 0.34 0.22 1.000 -0.29 0.97   
0 - 0.01 0.23 0.22 1.000 -0.39 0.85   
0 - 0.1 0.00 0.22 1.000 -0.62 0.63   
0 - 1 0.29 0.22 1.000 -0.34 0.91  
170 0 - 0.001 0.11 0.20 1.000 -0.47 0.70   
0 - 0.01 0.07 0.20 1.000 -0.51 0.65   
0 - 0.1 -0.36 0.20 0.784 -0.95 0.22   
0 - 1 -0.11 0.20 1.000 -0.69 0.48  
180 0 - 0.001 0.26 0.23 1.000 -0.39 0.92   
0 - 0.01 0.14 0.22 1.000 -0.51 0.78   
0 - 0.1 0.15 0.23 1.000 -0.51 0.80   
0 - 1 0.12 0.23 1.000 -0.54 0.77  
190 0 - 0.001 0.24 0.20 1.000 -0.33 0.82   
0 - 0.01 0.07 0.20 1.000 -0.49 0.64   
0 - 0.1 0.25 0.20 1.000 -0.32 0.83   
0 - 1 0.36 0.20 0.716 -0.21 0.94  
200 0 - 0.001 0.11 0.21 1.000 -0.50 0.71   
0 - 0.01 -0.24 0.21 1.000 -0.84 0.36   
0 - 0.1 0.02 0.21 1.000 -0.59 0.62   
0 - 1 -0.08 0.21 1.000 -0.68 0.53  
210 0 - 0.001 -0.15 0.22 1.000 -0.79 0.49   
0 - 0.01 0.04 0.22 1.000 -0.59 0.67   
0 - 0.1 -0.04 0.22 1.000 -0.68 0.60   
0 - 1 -0.21 0.22 1.000 -0.85 0.43  
220 0 - 0.001 0.19 0.20 1.000 -0.38 0.77   
0 - 0.01 0.11 0.20 1.000 -0.47 0.68   
0 - 0.1 -0.04 0.20 1.000 -0.62 0.54   
0 - 1 -0.11 0.20 1.000 -0.69 0.47  
230 0 - 0.001 0.03 0.21 1.000 -0.56 0.63   
0 - 0.01 -0.03 0.20 1.000 -0.62 0.56   
0 - 0.1 -0.05 0.21 1.000 -0.65 0.55   
0 - 1 0.10 0.21 1.000 -0.50 0.69  
240 0 - 0.001 0.28 0.20 1.000 -0.31 0.87   
0 - 0.01 0.03 0.20 1.000 -0.55 0.61   
0 - 0.1 -0.07 0.20 1.000 -0.66 0.52   
0 - 1 0.02 0.20 1.000 -0.57 0.61  
250 0 - 0.001 0.08 0.07 1.000 -0.12 0.28   
0 - 0.01 0.04 0.07 1.000 -0.15 0.24   
0 - 0.1 0.00 0.07 1.000 -0.21 0.20   
0 - 1 0.07 0.07 1.000 -0.13 0.27  
260 0 - 0.001 -0.05 0.05 1.000 -0.20 0.11   
0 - 0.01 -0.02 0.05 1.000 -0.18 0.13   
0 - 0.1 -0.06 0.05 1.000 -0.22 0.10   
0 - 1 -0.05 0.05 1.000 -0.20 0.11  
270 0 - 0.001 -0.03 0.04 1.000 -0.14 0.08 
365 
 
  
0 - 0.01 -0.02 0.04 1.000 -0.13 0.09   
0 - 0.1 -0.11 0.04 0.041 -0.22 0.00   
0 - 1 -0.02 0.04 1.000 -0.13 0.08  
280 0 - 0.001 0.01 0.05 1.000 -0.13 0.14   
0 - 0.01 0.01 0.05 1.000 -0.12 0.15   
0 - 0.1 -0.03 0.05 1.000 -0.17 0.10   
0 - 1 -0.02 0.05 1.000 -0.15 0.12  
290 0 - 0.001 -0.03 0.05 1.000 -0.17 0.10   
0 - 0.01 0.01 0.05 1.000 -0.12 0.15   
0 - 0.1 -0.05 0.05 1.000 -0.19 0.09   
0 - 1 0.00 0.05 1.000 -0.14 0.13  
300 0 - 0.001 0.02 0.05 1.000 -0.12 0.16   
0 - 0.01 0.05 0.05 1.000 -0.09 0.19   
0 - 0.1 0.02 0.05 1.000 -0.12 0.16   
0 - 1 -0.02 0.05 1.000 -0.16 0.12  
310 0 - 0.001 -0.01 0.06 1.000 -0.18 0.15   
0 - 0.01 -0.01 0.06 1.000 -0.17 0.16   
0 - 0.1 -0.01 0.06 1.000 -0.17 0.15   
0 - 1 0.02 0.06 1.000 -0.14 0.18  
320 0 - 0.001 0.01 0.06 1.000 -0.17 0.20   
0 - 0.01 -0.02 0.06 1.000 -0.20 0.17   
0 - 0.1 -0.02 0.06 1.000 -0.21 0.17   
0 - 1 0.01 0.06 1.000 -0.18 0.20  
330 0 - 0.001 -0.03 0.06 1.000 -0.21 0.14   
0 - 0.01 -0.05 0.06 1.000 -0.22 0.12   
0 - 0.1 -0.04 0.06 1.000 -0.21 0.14   
0 - 1 -0.02 0.06 1.000 -0.20 0.15  
340 0 - 0.001 -0.02 0.06 1.000 -0.21 0.16   
0 - 0.01 -0.06 0.06 1.000 -0.25 0.12   
0 - 0.1 -0.03 0.06 1.000 -0.22 0.15   
0 - 1 -0.01 0.06 1.000 -0.19 0.18  
350 0 - 0.001 0.02 0.06 1.000 -0.16 0.20   
0 - 0.01 0.00 0.06 1.000 -0.17 0.18   
0 - 0.1 -0.02 0.06 1.000 -0.20 0.15   
0 - 1 0.03 0.06 1.000 -0.15 0.20  
360 0 - 0.001 -0.01 0.07 1.000 -0.21 0.19   
0 - 0.01 0.06 0.07 1.000 -0.14 0.26   
0 - 0.1 0.06 0.07 1.000 -0.14 0.26   
0 - 1 0.09 0.07 1.000 -0.11 0.29  
370 0 - 0.001 -0.02 0.28 1.000 -0.81 0.77   
0 - 0.01 0.04 0.27 1.000 -0.74 0.82   
0 - 0.1 -0.07 0.28 1.000 -0.86 0.72   
0 - 1 -0.23 0.28 1.000 -1.03 0.56  
380 0 - 0.001 -0.03 0.27 1.000 -0.81 0.75   
0 - 0.01 -0.02 0.27 1.000 -0.80 0.75   
0 - 0.1 -0.05 0.27 1.000 -0.83 0.73   
0 - 1 -0.24 0.27 1.000 -1.02 0.54  
390 0 - 0.001 0.09 0.25 1.000 -0.64 0.82   
0 - 0.01 -0.05 0.25 1.000 -0.77 0.67   
0 - 0.1 -0.09 0.25 1.000 -0.82 0.64   
0 - 1 -0.11 0.25 1.000 -0.83 0.62  
400 0 - 0.001 0.19 0.25 1.000 -0.54 0.92   
0 - 0.01 0.12 0.25 1.000 -0.59 0.84   
0 - 0.1 0.03 0.25 1.000 -0.70 0.75   
0 - 1 -0.17 0.25 1.000 -0.90 0.56  
410 0 - 0.001 0.23 0.24 1.000 -0.45 0.91   
0 - 0.01 0.14 0.23 1.000 -0.54 0.81   
0 - 0.1 -0.13 0.24 1.000 -0.82 0.55   
0 - 1 0.07 0.24 1.000 -0.61 0.75  
420 0 - 0.001 0.34 0.23 1.000 -0.31 0.99   
0 - 0.01 0.13 0.22 1.000 -0.51 0.77   
0 - 0.1 -0.02 0.23 1.000 -0.67 0.63 
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0 - 1 0.09 0.23 1.000 -0.56 0.74  
430 0 - 0.001 -0.13 0.21 1.000 -0.73 0.47   
0 - 0.01 -0.13 0.21 1.000 -0.72 0.46   
0 - 0.1 -0.10 0.21 1.000 -0.70 0.50   
0 - 1 -0.17 0.21 1.000 -0.77 0.43  
440 0 - 0.001 -0.20 0.22 1.000 -0.83 0.43   
0 - 0.01 0.06 0.21 1.000 -0.55 0.68   
0 - 0.1 -0.14 0.22 1.000 -0.77 0.49   
0 - 1 -0.33 0.22 1.000 -0.95 0.30  
450 0 - 0.001 0.20 0.21 1.000 -0.40 0.80   
0 - 0.01 0.15 0.21 1.000 -0.44 0.74   
0 - 0.1 0.19 0.21 1.000 -0.41 0.79   
0 - 1 -0.04 0.21 1.000 -0.64 0.56  
460 0 - 0.001 0.08 0.20 1.000 -0.50 0.67   
0 - 0.01 -0.20 0.20 1.000 -0.78 0.37   
0 - 0.1 -0.19 0.20 1.000 -0.78 0.39   
0 - 1 -0.28 0.20 1.000 -0.87 0.30  
470 0 - 0.001 0.08 0.18 1.000 -0.45 0.61   
0 - 0.01 0.01 0.18 1.000 -0.52 0.53   
0 - 0.1 -0.19 0.18 1.000 -0.72 0.34   
0 - 1 -0.29 0.18 1.000 -0.82 0.24  
480 0 - 0.001 0.07 0.20 1.000 -0.50 0.64   
0 - 0.01 -0.02 0.20 1.000 -0.58 0.55   
0 - 0.1 -0.20 0.20 1.000 -0.76 0.37   
0 - 1 -0.07 0.20 1.000 -0.64 0.50 
 
 
S-Table 17: Pairwise comparisons of mean velocity between arena sizes for A. franciscana 
in 2-minute time bins. Significance level p £ 0.05 
Time Comparison Mean Diff Std. Error P-value 95% Confidence 
Lower Upper 
2min large-medium 0.11 0.10 0.869 -0.14 0.37  
large-small 0.42 0.10 <0.001 0.16 0.67  
medium-small 0.30 0.11 0.022 0.03 0.57 
4min large-medium 0.04 0.10 1.000 -0.20 0.28  
large-small 0.44 0.10 <0.001 0.20 0.68  
medium-small 0.41 0.10 0.001 0.15 0.66 
6min large-medium 0.22 0.09 0.039 0.01 0.44  
large-small 0.55 0.09 <0.001 0.33 0.76  
medium-small 0.33 0.09 0.002 0.10 0.55 
8min large-medium 0.18 0.09 0.146 -0.04 0.39  
large-small 0.45 0.09 <0.001 0.23 0.66  
medium-small 0.27 0.09 0.012 0.05 0.50 
 
 
S-Table 18: Pairwise comparisons of phototaxis between arena sizes under 100% and 50% 
light intensity for A. franciscana in 2minute time bins. Significance level p £ 0.05 
Light intensity Time Comparison Mean Diff Std. Error P-value 95% Confidence 
Lower Upper 
100% 3min large-medium -1.08 1.94 1.000 -5.79 3.63   
large-small -1.51 1.94 1.000 -6.21 3.20   
medium-small -0.43 2.05 1.000 -5.39 4.54  
6min large-medium 19.72 2.59 <0.001 13.45 26.00   
large-small 7.72 2.59 0.010 1.45 14.00   
medium-small -12.00 2.73 <0.001 -18.62 -5.38 
5% 3min large-medium -0.51 2.33 1.000 -6.15 5.12   
large-small 3.49 2.33 0.407 -2.14 9.13   
medium-small 4.01 2.45 0.314 -1.93 9.95  
6min  large-medium 19.94 2.94 <0.001 12.83 27.05 
367 
 
  
large-small 17.12 2.94 <0.001 10.01 24.23   
medium-small -2.82 3.10 1.000 -10.32 4.67 
 
 
S-Table 19: Pairwise comparison of mean velocity in 10sec time bins for A. franciscana 
exposed to oxazepam, between treatments. Significance level p £ 0.05 
Exposure Time (s) Comparison Mean Diff Std. Error P-value 95% Confidence 
Lower Upper 
1hr 10 0-10 0.09 0.13 1.000 -0.27978 0.453321   
0-100 0.16 0.13 1.000 -0.20547 0.527631   
0-1000 0.16 0.14 1.000 -0.21042 0.539158  
20 0-10 0.11 0.13 1.000 -0.24044 0.458268   
0-100 0.14 0.13 1.000 -0.20677 0.491932   
0-1000 0.18 0.13 0.960 -0.16866 0.530045  
30 0-10 0.01 0.14 1.000 -0.37166 0.395089   
0-100 -0.01 0.14 1.000 -0.39632 0.370429   
0-1000 0.07 0.14 1.000 -0.32112 0.462861  
40 0-10 0.17 0.15 1.000 -0.24028 0.587162   
0-100 0.08 0.15 1.000 -0.33729 0.490155   
0-1000 0.13 0.15 1.000 -0.29226 0.553781  
50 0-10 0.04 0.14 1.000 -0.35428 0.427183   
0-100 0.04 0.14 1.000 -0.35338 0.428083   
0-1000 0.13 0.14 1.000 -0.26416 0.517305  
60 0-10 0.11 0.14 1.000 -0.28024 0.501758   
0-100 -0.01 0.14 1.000 -0.40259 0.379415   
0-1000 0.14 0.14 1.000 -0.24778 0.534221  
70 0-10 0.03 0.13 1.000 -0.32881 0.38395   
0-100 -0.03 0.13 1.000 -0.38776 0.325003   
0-1000 0.03 0.13 1.000 -0.32443 0.388329  
80 0-10 0.03 0.12 1.000 -0.31817 0.369316   
0-100 0.05 0.12 1.000 -0.29829 0.389195   
0-1000 0.08 0.13 1.000 -0.27623 0.426707  
90 0-10 -0.07 0.12 1.000 -0.38566 0.254942   
0-100 0.13 0.12 1.000 -0.18696 0.453642   
0-1000 0.08 0.12 1.000 -0.24483 0.410171  
100 0-10 0.09 0.11 1.000 -0.2191 0.401439   
0-100 0.21 0.11 0.407 -0.10029 0.520253   
0-1000 0.24 0.12 0.299 -0.08809 0.562737  
110 0-10 0.00 0.12 1.000 -0.3202 0.329767   
0-100 0.14 0.12 1.000 -0.18516 0.464806   
0-1000 0.10 0.12 1.000 -0.22682 0.423149  
120 0-10 0.07 0.11 1.000 -0.24079 0.383156   
0-100 0.19 0.11 0.569 -0.11916 0.504786   
0-1000 0.12 0.11 1.000 -0.19423 0.429721  
130 0-10 0.01 0.10 1.000 -0.27447 0.288009   
0-100 0.04 0.10 1.000 -0.24007 0.322411   
0-1000 -0.05 0.10 1.000 -0.33476 0.227718  
140 0-10 0.11 0.11 1.000 -0.17732 0.403016   
0-100 0.24 0.11 0.169 -0.05181 0.528522   
0-1000 0.18 0.11 0.572 -0.1111 0.469234  
150 0-10 0.14 0.12 1.000 -0.19038 0.47947   
0-100 0.12 0.12 1.000 -0.2176 0.452249   
0-1000 0.04 0.12 1.000 -0.29155 0.3783  
160 0-10 0.09 0.12 1.000 -0.23967 0.422681   
0-100 0.01 0.12 1.000 -0.32487 0.337481   
0-1000 -0.06 0.12 1.000 -0.39225 0.270107  
170 0-10 0.34 0.10 0.011 0.057605 0.631819   
0-100 0.20 0.10 0.366 -0.08726 0.486951   
0-1000 0.18 0.10 0.505 -0.10349 0.470722  
180 0-10 0.13 0.11 1.000 -0.17648 0.444019 
368 
 
  
0-100 0.15 0.11 1.000 -0.16157 0.458931   
0-1000 0.05 0.11 1.000 -0.26436 0.356139  
190 0-10 0.06 0.10 1.000 -0.2167 0.330138   
0-100 0.08 0.10 1.000 -0.19111 0.355728   
0-1000 0.01 0.10 1.000 -0.25871 0.288127  
200 0-10 0.16 0.11 0.753 -0.1262 0.454314   
0-100 0.23 0.11 0.205 -0.06065 0.519872   
0-1000 0.19 0.11 0.481 -0.1021 0.478423  
210 0-10 0.04 0.11 1.000 -0.25953 0.341546   
0-100 0.03 0.11 1.000 -0.27328 0.327792   
0-1000 0.06 0.11 1.000 -0.2453 0.355778  
220 0-10 0.14 0.12 1.000 -0.19027 0.465302   
0-100 -0.05 0.12 1.000 -0.37889 0.276688   
0-1000 0.08 0.12 1.000 -0.24314 0.412434  
230 0-10 0.12 0.11 1.000 -0.17294 0.414271   
0-100 0.05 0.11 1.000 -0.24756 0.339659   
0-1000 0.11 0.11 1.000 -0.18747 0.399749  
240 0-10 0.06 0.11 1.000 -0.25089 0.365261   
0-100 -0.13 0.11 1.000 -0.44013 0.176024   
0-1000 0.03 0.11 1.000 -0.27989 0.336262  
250 0-10 -0.04 0.08 1.000 -0.26872 0.179212   
0-100 -0.04 0.08 1.000 -0.26564 0.182292   
0-1000 -0.03 0.08 1.000 -0.25531 0.192623  
260 0-10 -0.14 0.13 1.000 -0.49395 0.205879   
0-100 -0.04 0.13 1.000 -0.39487 0.304965   
0-1000 -0.04 0.13 1.000 -0.38526 0.314573  
270 0-10 0.01 0.15 1.000 -0.39921 0.41848   
0-100 0.08 0.15 1.000 -0.33306 0.484635   
0-1000 0.14 0.15 1.000 -0.28542 0.572179  
280 0-10 0.10 0.15 1.000 -0.31034 0.511304   
0-100 0.18 0.15 1.000 -0.23142 0.590224   
0-1000 0.11 0.15 1.000 -0.31487 0.52524  
290 0-10 0.03 0.16 1.000 -0.40329 0.469148   
0-100 0.15 0.16 1.000 -0.28542 0.587016   
0-1000 0.17 0.16 1.000 -0.27905 0.612999  
300 0-10 0.02 0.14 1.000 -0.37231 0.414588   
0-100 0.01 0.14 1.000 -0.38509 0.401815   
0-1000 0.05 0.15 1.000 -0.35197 0.45262  
310 0-10 0.05 0.14 1.000 -0.33358 0.43453   
0-100 0.06 0.14 1.000 -0.32006 0.448053   
0-1000 0.20 0.14 0.959 -0.18959 0.595788  
320 0-10 -0.10 0.14 1.000 -0.49021 0.292588   
0-100 0.00 0.14 1.000 -0.39341 0.389391   
0-1000 0.11 0.14 1.000 -0.29397 0.506425  
330 0-10 0.03 0.15 1.000 -0.38321 0.45234   
0-100 0.14 0.15 1.000 -0.27695 0.558599   
0-1000 0.21 0.15 1.000 -0.22053 0.633801  
340 0-10 0.08 0.14 1.000 -0.30969 0.469599   
0-100 0.14 0.14 1.000 -0.24524 0.534047   
0-1000 0.27 0.14 0.406 -0.12834 0.668463  
350 0-10 0.04 0.15 1.000 -0.36661 0.447557   
0-100 0.10 0.15 1.000 -0.30403 0.510139   
0-1000 0.13 0.15 1.000 -0.28281 0.549661  
360 0-10 0.02 0.16 1.000 -0.43618 0.469083   
0-100 0.08 0.16 1.000 -0.37264 0.532627   
0-1000 0.04 0.17 1.000 -0.42344 0.502168  
370 0-10 0.08 0.14 1.000 -0.30813 0.459381   
0-100 0.08 0.14 1.000 -0.30077 0.46674   
0-1000 -0.08 0.14 1.000 -0.46734 0.300167  
380 0-10 0.14 0.12 1.000 -0.19557 0.48201   
0-100 0.17 0.12 0.984 -0.16524 0.512336   
0-1000 -0.06 0.12 1.000 -0.3952 0.28238 
369 
 
 
390 0-10 0.26 0.10 0.075 -0.01605 0.541364   
0-100 0.10 0.10 1.000 -0.17595 0.381463   
0-1000 0.15 0.10 0.897 -0.1307 0.42672  
400 0-10 0.26 0.09 0.046 0.00314 0.520104   
0-100 0.16 0.09 0.530 -0.09555 0.421417   
0-1000 0.16 0.10 0.590 -0.1028 0.425784  
410 0-10 0.22 0.11 0.281 -0.07771 0.520218   
0-100 0.14 0.11 1.000 -0.15567 0.442263   
0-1000 0.11 0.11 1.000 -0.18436 0.413571  
420 0-10 0.21 0.10 0.231 -0.06155 0.478522   
0-100 0.27 0.10 0.047 0.00195 0.54202   
0-1000 0.15 0.10 0.730 -0.11579 0.424279  
430 0-10 0.17 0.11 0.779 -0.13726 0.484928   
0-100 0.05 0.11 1.000 -0.26139 0.360797   
0-1000 0.09 0.11 1.000 -0.21757 0.40462  
440 0-10 0.22 0.12 0.360 -0.09654 0.543713   
0-100 0.07 0.12 1.000 -0.25369 0.386558   
0-1000 0.09 0.12 1.000 -0.23418 0.420465  
450 0-10 0.09 0.11 1.000 -0.22572 0.404233   
0-100 0.07 0.11 1.000 -0.24673 0.38322   
0-1000 0.02 0.12 1.000 -0.30092 0.343193  
460 0-10 0.27 0.10 0.045 0.004064 0.544178   
0-100 0.20 0.10 0.300 -0.07305 0.467061   
0-1000 0.14 0.10 0.961 -0.13039 0.409727  
470 0-10 0.30 0.10 0.031 0.019072 0.586135   
0-100 0.30 0.10 0.031 0.018148 0.585211   
0-1000 0.06 0.10 1.000 -0.22578 0.341279  
480 0-10 0.21 0.08 0.066 -0.00858 0.438473   
0-100 0.26 0.08 0.013 0.039399 0.486453   
0-1000 0.12 0.08 0.950 -0.10743 0.339624 
1day 10 0-10 0.08 0.11 1.000 -0.21193 0.371007   
0-100 -0.02 0.11 1.000 -0.31434 0.268598   
0-1000 0.05 0.11 1.000 -0.24603 0.336903  
20 0-10 0.11 0.08 0.971 -0.10395 0.324044   
0-100 -0.08 0.08 1.000 -0.28915 0.138848   
0-1000 0.01 0.08 1.000 -0.21013 0.22707  
30 0-10 0.00 0.07 1.000 -0.1915 0.194291   
0-100 -0.09 0.07 1.000 -0.2804 0.105392   
0-1000 -0.07 0.07 1.000 -0.26666 0.127809  
40 0-10 0.10 0.07 1.000 -0.10626 0.302844   
0-100 0.00 0.07 1.000 -0.20131 0.207792   
0-1000 0.03 0.08 1.000 -0.1794 0.238896  
50 0-10 -0.01 0.09 1.000 -0.26538 0.241386   
0-100 -0.02 0.09 1.000 -0.27372 0.233044   
0-1000 -0.01 0.09 1.000 -0.27158 0.246575  
60 0-10 -0.07 0.09 1.000 -0.32963 0.182454   
0-100 -0.02 0.09 1.000 -0.27588 0.236202   
0-1000 0.00 0.09 1.000 -0.25717 0.266421  
70 0-10 -0.05 0.09 1.000 -0.29145 0.196603   
0-100 0.05 0.09 1.000 -0.1966 0.291456   
0-1000 0.01 0.09 1.000 -0.24254 0.256486  
80 0-10 -0.04 0.08 1.000 -0.26879 0.181325   
0-100 -0.05 0.08 1.000 -0.27759 0.17252   
0-1000 0.01 0.08 1.000 -0.22264 0.237588  
90 0-10 -0.02 0.08 1.000 -0.2391 0.194567   
0-100 0.02 0.08 1.000 -0.1959 0.237762   
0-1000 0.03 0.08 1.000 -0.18733 0.256083  
100 0-10 -0.02 0.08 1.000 -0.23337 0.191609   
0-100 0.05 0.08 1.000 -0.1654 0.259581   
0-1000 0.00 0.08 1.000 -0.21637 0.218161  
110 0-10 -0.02 0.08 1.000 -0.24688 0.207219   
0-100 0.02 0.08 1.000 -0.20507 0.249036 
370 
 
  
0-1000 -0.10 0.08 1.000 -0.33615 0.128159  
120 0-10 0.00 0.09 1.000 -0.24201 0.243464   
0-100 0.05 0.09 1.000 -0.19369 0.291787   
0-1000 0.00 0.09 1.000 -0.2452 0.251184  
130 0-10 -0.09 0.10 1.000 -0.37171 0.182345   
0-100 -0.11 0.10 1.000 -0.3822 0.171855   
0-1000 -0.05 0.10 1.000 -0.33412 0.232388  
140 0-10 0.05 0.11 1.000 -0.23937 0.34243   
0-100 -0.04 0.11 1.000 -0.32961 0.252185   
0-1000 0.09 0.11 1.000 -0.20794 0.386929  
150 0-10 0.11 0.07 0.793 -0.09163 0.320191   
0-100 0.12 0.07 0.647 -0.08362 0.328197   
0-1000 0.14 0.08 0.440 -0.07084 0.350233  
160 0-10 0.01 0.08 1.000 -0.20183 0.227448   
0-100 0.05 0.08 1.000 -0.16737 0.261901   
0-1000 -0.02 0.08 1.000 -0.23825 0.20067  
170 0-10 0.03 0.07 1.000 -0.15986 0.210649   
0-100 0.03 0.07 1.000 -0.15693 0.213571   
0-1000 -0.04 0.07 1.000 -0.23409 0.144736  
180 0-10 0.04 0.11 1.000 -0.26011 0.343209   
0-100 -0.02 0.11 1.000 -0.32063 0.282688   
0-1000 -0.02 0.11 1.000 -0.33167 0.28521  
190 0-10 0.04 0.08 1.000 -0.18765 0.273182   
0-100 0.07 0.08 1.000 -0.1608 0.300033   
0-1000 0.03 0.09 1.000 -0.20165 0.269541  
200 0-10 0.19 0.08 0.126 -0.02893 0.404473   
0-100 0.14 0.08 0.481 -0.0763 0.357101   
0-1000 0.01 0.08 1.000 -0.21638 0.226763  
210 0-10 0.14 0.09 0.753 -0.10414 0.374623   
0-100 0.15 0.09 0.584 -0.09267 0.386091   
0-1000 0.04 0.09 1.000 -0.20299 0.286524  
220 0-10 0.29 0.09 0.017 0.037612 0.551926   
0-100 0.24 0.09 0.075 -0.01462 0.499689   
0-1000 0.14 0.10 0.857 -0.12101 0.40486  
230 0-10 0.26 0.08 0.017 0.032763 0.477317   
0-100 0.20 0.08 0.087 -0.01747 0.427089   
0-1000 0.14 0.08 0.626 -0.09091 0.363631  
240 0-10 0.26 0.09 0.037 0.009762 0.500666   
0-100 0.12 0.09 1.000 -0.1296 0.361304   
0-1000 0.17 0.09 0.455 -0.08586 0.416077  
250 0-10 0.09 0.08 1.000 -0.13097 0.320658   
0-100 0.06 0.08 1.000 -0.16268 0.288946   
0-1000 0.02 0.08 1.000 -0.20943 0.252347  
260 0-10 0.06 0.09 1.000 -0.17767 0.302874   
0-100 0.05 0.09 1.000 -0.18712 0.293424   
0-1000 0.04 0.09 1.000 -0.20447 0.286873  
270 0-10 0.01 0.10 1.000 -0.25016 0.278229   
0-100 0.07 0.10 1.000 -0.18931 0.339079   
0-1000 -0.10 0.10 1.000 -0.37091 0.169351  
280 0-10 -0.09 0.12 1.000 -0.41477 0.225349   
0-100 0.01 0.12 1.000 -0.30928 0.330835   
0-1000 -0.13 0.12 1.000 -0.45437 0.200133  
290 0-10 -0.01 0.13 1.000 -0.37209 0.359674   
0-100 -0.03 0.13 1.000 -0.3992 0.332564   
0-1000 -0.09 0.14 1.000 -0.46046 0.287752  
300 0-10 -0.10 0.12 1.000 -0.42305 0.220155   
0-100 -0.05 0.12 1.000 -0.37407 0.269128   
0-1000 -0.07 0.12 1.000 -0.3965 0.261156  
310 0-10 -0.02 0.12 1.000 -0.35276 0.315543   
0-100 -0.02 0.12 1.000 -0.3519 0.316399   
0-1000 -0.09 0.12 1.000 -0.4341 0.249226  
320 0-10 0.04 0.11 1.000 -0.25694 0.330663 
371 
 
  
0-100 0.06 0.11 1.000 -0.23109 0.356514   
0-1000 -0.12 0.11 1.000 -0.41605 0.184758  
330 0-10 0.06 0.11 1.000 -0.24298 0.354719   
0-100 0.06 0.11 1.000 -0.24307 0.354628   
0-1000 0.02 0.11 1.000 -0.28971 0.321429  
340 0-10 -0.04 0.10 1.000 -0.31288 0.226528   
0-100 0.03 0.10 1.000 -0.24235 0.297065   
0-1000 -0.07 0.10 1.000 -0.3466 0.204933  
350 0-10 -0.07 0.11 1.000 -0.37653 0.23965   
0-100 0.00 0.11 1.000 -0.30563 0.31055   
0-1000 -0.07 0.12 1.000 -0.3914 0.254851  
360 0-10 -0.01 0.09 1.000 -0.2522 0.225607   
0-100 0.02 0.09 1.000 -0.21653 0.261272   
0-1000 -0.01 0.09 1.000 -0.25886 0.229685  
370 0-10 0.08 0.10 1.000 -0.20385 0.358402   
0-100 0.12 0.10 1.000 -0.15869 0.40356   
0-1000 0.18 0.10 0.596 -0.1124 0.462488  
380 0-10 0.12 0.09 1.000 -0.12921 0.361762   
0-100 0.26 0.09 0.037 0.010585 0.501557   
0-1000 0.18 0.09 0.290 -0.06656 0.435451  
390 0-10 0.11 0.10 1.000 -0.16271 0.385039   
0-100 0.12 0.10 1.000 -0.1537 0.39405   
0-1000 0.16 0.10 0.757 -0.12214 0.437916  
400 0-10 0.14 0.09 0.748 -0.10664 0.385001   
0-100 0.02 0.09 1.000 -0.22191 0.269731   
0-1000 -0.01 0.09 1.000 -0.26119 0.241501  
410 0-10 0.10 0.09 1.000 -0.13687 0.333749   
0-100 0.13 0.09 0.852 -0.10803 0.362586   
0-1000 0.05 0.09 1.000 -0.19457 0.286619  
420 0-10 0.08 0.09 1.000 -0.18011 0.332075   
0-100 0.17 0.09 0.419 -0.08389 0.428296   
0-1000 0.05 0.09 1.000 -0.2163 0.307395  
430 0-10 0.20 0.08 0.121 -0.0289 0.424574   
0-100 0.15 0.08 0.455 -0.07761 0.375867   
0-1000 0.09 0.08 1.000 -0.14387 0.319792  
440 0-10 0.19 0.10 0.340 -0.07902 0.461991   
0-100 0.13 0.10 1.000 -0.13678 0.404224   
0-1000 0.09 0.10 1.000 -0.18234 0.370828  
450 0-10 0.19 0.08 0.135 -0.03225 0.416258   
0-100 0.18 0.08 0.198 -0.04565 0.402858   
0-1000 0.09 0.08 1.000 -0.13718 0.321413  
460 0-10 0.13 0.08 0.560 -0.0813 0.347082   
0-100 0.16 0.08 0.238 -0.04988 0.378498   
0-1000 0.07 0.08 1.000 -0.1538 0.284214  
470 0-10 0.19 0.08 0.179 -0.0431 0.415805   
0-100 0.08 0.08 1.000 -0.14613 0.312768   
0-1000 0.04 0.08 1.000 -0.19695 0.272263  
480 0-10 0.17 0.11 0.827 -0.14617 0.490041   
0-100 0.16 0.10 0.733 -0.12014 0.430834   
0-1000 0.06 0.10 1.000 -0.21947 0.339786 
1week 10 0-10 0.17 0.07 0.092 -0.01648 0.359234   
0-100 0.09 0.07 1.000 -0.10225 0.281298   
0-1000 0.09 0.07 1.000 -0.10648 0.27706  
20 0-10 0.10 0.07 0.921 -0.09071 0.288066   
0-100 -0.01 0.07 1.000 -0.20438 0.182289   
0-1000 0.04 0.07 1.000 -0.15355 0.242552  
30 0-10 0.04 0.08 1.000 -0.16967 0.25143   
0-100 -0.04 0.08 1.000 -0.25466 0.175216   
0-1000 -0.01 0.08 1.000 -0.22102 0.208852  
40 0-10 0.04 0.07 1.000 -0.16091 0.234475   
0-100 0.00 0.07 1.000 -0.20641 0.197208   
0-1000 -0.06 0.07 1.000 -0.25812 0.145498 
372 
 
 
50 0-10 0.06 0.08 1.000 -0.16892 0.298587   
0-100 -0.04 0.09 1.000 -0.2776 0.199652   
0-1000 0.00 0.09 1.000 -0.24056 0.236685  
60 0-10 0.06 0.07 1.000 -0.13557 0.258969   
0-100 -0.08 0.07 1.000 -0.28209 0.120678   
0-1000 -0.07 0.07 1.000 -0.27794 0.134653  
70 0-10 0.11 0.07 0.719 -0.08203 0.299495   
0-100 -0.05 0.07 1.000 -0.24363 0.145838   
0-1000 0.01 0.07 1.000 -0.18518 0.204292  
80 0-10 0.17 0.08 0.265 -0.0582 0.401377   
0-100 0.04 0.08 1.000 -0.19342 0.275736   
0-1000 0.05 0.08 1.000 -0.18757 0.281587  
90 0-10 0.13 0.08 0.593 -0.08576 0.349828   
0-100 0.07 0.08 1.000 -0.15454 0.290122   
0-1000 -0.02 0.08 1.000 -0.24346 0.201204  
100 0-10 0.09 0.08 1.000 -0.14736 0.324501   
0-100 0.01 0.09 1.000 -0.22852 0.253173   
0-1000 -0.09 0.09 1.000 -0.33236 0.161078  
110 0-10 0.04 0.09 1.000 -0.19795 0.2798   
0-100 -0.04 0.09 1.000 -0.28348 0.204231   
0-1000 -0.05 0.09 1.000 -0.30429 0.19531  
120 0-10 0.03 0.09 1.000 -0.21515 0.278705   
0-100 -0.03 0.09 1.000 -0.28614 0.218002   
0-1000 -0.02 0.09 1.000 -0.27361 0.230536  
130 0-10 -0.10 0.08 1.000 -0.3305 0.134465   
0-100 -0.18 0.08 0.242 -0.41799 0.056665   
0-1000 -0.09 0.08 1.000 -0.32693 0.147729  
140 0-10 -0.04 0.08 1.000 -0.2624 0.182614   
0-100 -0.09 0.08 1.000 -0.32159 0.132698   
0-1000 -0.09 0.08 1.000 -0.31312 0.141167  
150 0-10 0.04 0.09 1.000 -0.21573 0.30228   
0-100 0.02 0.09 1.000 -0.249 0.279805   
0-1000 -0.02 0.09 1.000 -0.28366 0.245149  
160 0-10 0.09 0.08 1.000 -0.12929 0.308843   
0-100 0.08 0.08 1.000 -0.14036 0.306901   
0-1000 0.06 0.08 1.000 -0.16815 0.279111  
170 0-10 0.06 0.09 1.000 -0.18887 0.308748   
0-100 -0.01 0.09 1.000 -0.26836 0.239632   
0-1000 0.07 0.09 1.000 -0.1893 0.33108  
180 0-10 0.11 0.10 1.000 -0.17261 0.396093   
0-100 0.05 0.10 1.000 -0.23657 0.343979   
0-1000 0.07 0.11 1.000 -0.23161 0.3631  
190 0-10 0.06 0.08 1.000 -0.1607 0.289008   
0-100 0.07 0.08 1.000 -0.15456 0.304511   
0-1000 0.06 0.08 1.000 -0.17824 0.292033  
200 0-10 0.04 0.08 1.000 -0.19779 0.268134   
0-100 0.05 0.09 1.000 -0.19215 0.283481   
0-1000 0.02 0.09 1.000 -0.21705 0.258589  
210 0-10 0.09 0.08 1.000 -0.13607 0.307294   
0-100 0.00 0.08 1.000 -0.22866 0.223946   
0-1000 0.02 0.08 1.000 -0.20187 0.250731  
220 0-10 0.19 0.07 0.058 -0.00403 0.374814   
0-100 0.08 0.07 1.000 -0.113 0.273735   
0-1000 0.11 0.07 0.709 -0.0826 0.304135  
230 0-10 0.08 0.08 1.000 -0.12655 0.295893   
0-100 0.01 0.08 1.000 -0.20482 0.226428   
0-1000 -0.05 0.08 1.000 -0.26567 0.165573  
240 0-10 0.08 0.08 1.000 -0.14118 0.308589   
0-100 0.06 0.08 1.000 -0.16694 0.292209   
0-1000 0.07 0.08 1.000 -0.15837 0.300772  
250 0-10 0.12 0.07 0.633 -0.08331 0.327268   
0-100 -0.02 0.07 1.000 -0.2315 0.187631 
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0-1000 -0.04 0.07 1.000 -0.24808 0.17105  
260 0-10 0.26 0.09 0.032 0.015329 0.496791   
0-100 0.07 0.09 1.000 -0.17806 0.313436   
0-1000 0.17 0.09 0.434 -0.08511 0.418377  
270 0-10 0.19 0.08 0.164 -0.04023 0.416734   
0-100 -0.04 0.08 1.000 -0.27334 0.19314   
0-1000 0.06 0.08 1.000 -0.17563 0.290849  
280 0-10 0.13 0.08 0.723 -0.1015 0.368196   
0-100 -0.23 0.09 0.071 -0.46758 0.011908   
0-1000 -0.03 0.09 1.000 -0.28138 0.224043  
290 0-10 0.19 0.10 0.375 -0.08525 0.459215   
0-100 -0.12 0.10 1.000 -0.39344 0.162369   
0-1000 0.08 0.10 1.000 -0.21436 0.371512  
300 0-10 0.16 0.08 0.377 -0.07369 0.394989   
0-100 -0.04 0.09 1.000 -0.28026 0.198185   
0-1000 0.06 0.09 1.000 -0.20456 0.317466  
310 0-10 0.13 0.09 1.000 -0.13392 0.400333   
0-100 0.05 0.10 1.000 -0.22273 0.322652   
0-1000 0.08 0.11 1.000 -0.221 0.374062  
320 0-10 0.10 0.10 1.000 -0.17038 0.368972   
0-100 0.02 0.10 1.000 -0.25528 0.295308   
0-1000 0.07 0.10 1.000 -0.21428 0.34974  
330 0-10 0.06 0.10 1.000 -0.21163 0.323963   
0-100 -0.06 0.10 1.000 -0.32964 0.217114   
0-1000 -0.07 0.10 1.000 -0.34693 0.213163  
340 0-10 0.02 0.09 1.000 -0.23402 0.280483   
0-100 -0.13 0.09 1.000 -0.39104 0.134188   
0-1000 -0.10 0.10 1.000 -0.37077 0.167263  
350 0-10 0.03 0.08 1.000 -0.18766 0.246626   
0-100 -0.16 0.08 0.296 -0.38298 0.060355   
0-1000 -0.14 0.08 0.499 -0.37175 0.082397  
360 0-10 0.04 0.09 1.000 -0.21587 0.296217   
0-100 -0.13 0.09 1.000 -0.39204 0.130715   
0-1000 -0.15 0.10 0.709 -0.42099 0.11452  
370 0-10 -0.04 0.08 1.000 -0.27053 0.19643   
0-100 -0.22 0.09 0.094 -0.45475 0.021943   
0-1000 -0.12 0.09 1.000 -0.35669 0.120001  
380 0-10 -0.15 0.07 0.233 -0.33409 0.043998   
0-100 -0.25 0.07 0.005 -0.44681 -0.06084   
0-1000 -0.15 0.07 0.218 -0.34321 0.042761  
390 0-10 -0.10 0.07 1.000 -0.30798 0.102401   
0-100 -0.13 0.07 0.550 -0.33939 0.079538   
0-1000 -0.14 0.07 0.429 -0.34872 0.070212  
400 0-10 0.03 0.07 1.000 -0.18256 0.235404   
0-100 -0.06 0.08 1.000 -0.2721 0.154569   
0-1000 0.01 0.08 1.000 -0.20451 0.222162  
410 0-10 0.06 0.07 1.000 -0.13327 0.258709   
0-100 0.05 0.07 1.000 -0.14983 0.250316   
0-1000 0.02 0.07 1.000 -0.17724 0.222903  
420 0-10 0.06 0.05 1.000 -0.08374 0.213098   
0-100 0.00 0.05 1.000 -0.14867 0.154351   
0-1000 0.03 0.05 1.000 -0.1245 0.178524  
430 0-10 0.01 0.07 1.000 -0.20141 0.213288   
0-100 0.00 0.08 1.000 -0.20729 0.216046   
0-1000 -0.02 0.08 1.000 -0.23584 0.187497  
440 0-10 0.04 0.07 1.000 -0.16017 0.238445   
0-100 -0.01 0.07 1.000 -0.21615 0.190769   
0-1000 -0.07 0.07 1.000 -0.27024 0.136686  
450 0-10 0.01 0.07 1.000 -0.19717 0.21659   
0-100 -0.06 0.08 1.000 -0.26746 0.154922   
0-1000 -0.08 0.08 1.000 -0.29619 0.126193  
460 0-10 0.10 0.07 0.983 -0.095 0.291594 
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0-100 0.02 0.07 1.000 -0.17573 0.218916   
0-1000 -0.10 0.07 1.000 -0.29321 0.101437  
470 0-10 0.04 0.07 1.000 -0.16047 0.244687   
0-100 0.01 0.07 1.000 -0.1978 0.215798   
0-1000 0.00 0.07 1.000 -0.2115 0.202105  
480 0-10 0.07 0.11 1.000 -0.2342 0.366125   
0-100 0.05 0.11 1.000 -0.2545 0.358327   
0-1000 -0.12 0.11 1.000 -0.4228 0.19003 
 
